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Mycosphaerella graminicola (anamorpltSeptoria tritici) causes Septoria tritici blotch, a
globally important disease of winter wheat. Resistance and pathogenicity generally vary
quantitatively. The pathogen reprQducesbotksexually and asexually, and th pathogen
population is highly genetically variable. Several unresolved questions about the
epidemio logy ofihis pathosystentare addressed by thisresearch. Among them are
whether cultivar-isolate specificity exists, how partial host resistance affects pathogen
aggressiveness and sexualreproduction, and how host genotype mixtures influence
epidemic progression and pathogenicity.
Atits release in 1992, the cultivar Gene was highly resistant to M graminicola, but that
resistance had substantially dissolved by 1995. Six of seven isolates collected in 1997
ftm field plots of Gene were virulent to Gene seedlings in the greenhouse, while 14 of
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selected for strains ofMgraminicola with specific virulence to it.
In a two-year experiment, isolates were collected early and late in the growing season
from field plots of three moderately resistant and three susceptible cultivars, and tested on
seedlings of the same cultivars in the greenhouse. Isolates were also collected from plots
of two susceptible cultivars sprayed with a fungicide to suppress epidemic development.
Isolate populations were more aggressive when derived from moderately resistant than
from susceptible cultivars, and more aggressive from fungicide-sprayed plots than from
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Over 5,000 fruiting bodies were collected in three years from replicated field plots of
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ascocarps was positively correlated with cultivar susceptibility, as measured by area
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intensity.
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CHAPTER I: Introduction
Partial or quantitative resistance was defined by Parlevliet (3 3,34) as incomplete
resistance characterized by non-hypersensitive, susceptible reactions with large
differences in disease severity. Partial resistance is a relative measure, usually with
respect to a well-known susceptible cultivar. Parlevliet (34-36) held partial resistance to
be usually (although not always) race-nonspecific and substantially more durable than
resistance due to major, race-specific genes.
Numerous traits specify partial resistance, including longer incubation period
(16), lower rate of lesion expansion (3), reduced infection frequency, longer latent period,
and lower sporulation rate (33). These partially resistant phenotypes may result from the
action of genes with major or minor effects, in varying numbers and combinations. For
comparison, qualitative resistance based on major genes often leads to small necrotic
spots without sporulation, the visible result of a defensive hypersensitive response by the
host (35).
Many host plants have sources of partial resistance sensu Parlevliet. Among them
are biotrophs such as rusts, bunts, smuts, and powdery mildews; necrotrophs such as
helminthosporiums and altemarias; and hemibiotrophs such as Phytophthora infestans,
Rynchsporium secalis, and the septorias, including Phaeosphaeria nodorum and
Mycosphaerella graminicola (32,37).2
Many quantitative host-pathogen interactions are relatively uninvestigated, and
the mechanisms of resistance in these systems are often unknown (35). For the most part,
relatively little is known about whether there is specificity at the cultivar level among
partially resistant hosts. Among biotrophs and hemibiotrophs, major-gene and race-
specific resistance frequently occur together with partial resistance in the same host
genotypes. Knowing whether major genes are present bears upon the number of isolates
to be used in inoculating experimental material, and whether it is important to screen out
material bearing major genes in order to select for minor genes (35).
In recent years, there has been increased interest among breeders and pathologists
in using horizontal or partial resistance, for example, for the control of potato late blight
(9,13). However, there is little empirical evidence regarding how the deployment of
partial resistance affects pathogen evolution. Adaptation of pathogen populations to
quantitative resistance has been demonstrated in greenhouse and growth chamber
experiments (1,2,5,8,24-26), but is more difficult to investigate in the field. The
moderate resistance of a wheat cultivar to M. graminicola was observed to deteriorate
substantially over a 10-year period in the Willamette Valley (30). On the other hand,
Vanderplank (42) presented data suggesting that partial resistance in certain potato
cultivars to the late blight fungus, Phytophthora infestans, remained stable for more than
30 years.
The disease system chosen for our investigation of host-pathogen dynamics is that
involving wheat (Triticum aestivum) and the fungal foliar pathogen Mycosphaerella
graminicola (anamorph Septoria tritici). M. graminicola has received growing attention3
during the last 15 years because the disease it incites, Septoria tritici blotch, has increased
in incidence and severity in certain regions (11), causing greater yield losses and
occasioning higher expenditures for monitoring and chemical protection.
Mgraminicola undergoes multiple cycles of asexual reproduction during the
growing season. Conidia are dispersed within a leaf layer under conditions of high
relative humidity, and to successively higher leaf layers by physical contact and high-
impact rainsplash. Until recently, it was assumed that the sexual stage ofMgraminicola
initiated epidemics in the fall and early winter, but was otherwise unimportant in the life
cycle of the pathogen. However, in the UK, spore trapping revealed that ascospores were
present at most times during the year (15). Mating experiments indicated that a sexual
cycle could be completed in five weeks, and it was suggested that the fungus might
complete several sexual cycles in a single growing season (21).
Widespread interest in the interactions betweenMgraminicola and wheat has
turned this into something of a model system. Several areas have received particular
attention:
.inheritance of partial resistance components (16,41) and their interaction with the
environment (39);
methodology for determining whether virulence, host-specificity, and gene-for-
gene interactions are present in a quantitative pathosystem (1,14,17-20,22);4
development and use of molecular markers to study issues in fungal population
genetics such as population genetic structure, distribution of genetic diversity in
geographic space, and frequency of sexual recombination (4,6,7,27-29,31,38, 44-
47);
.induced resistance and isolate-isolate interactions (12,43);
.role and importance of the sexual stage in the life cycle of a facultatively sexual
plant pathogen (10,15,40);
functional genomics and analysis of gene expression via targeted gene disruption
(49), reporter genes (37), cDNAs (23), and gene cloning and characterization
(48).
Despite the research advances on several fronts with this pathosystem, several
issues have remained unresolved. Some have important consequences for breeding and
disease management. Data gathered on these problems will expand the general body of
knowledge about quantitative host-pathogen interactions.
1)Is there cultivar-isolate specificity of the sort that can lead to a rapid breakdown
of resistance?2) What is the selective effect of quantitative resistance on pathogen population
aggressiveness?
3) How do different levels of partial resistance affect the frequency of sexual
reproduction? How important is the sexual stage during the course of the
epidemic?
4) How do mixtures of partially resistant cultivars affect disease progression, and
what is their selective impact on the pathogen population? (Most of the research
on host multilines and cultivar mixtures has been conducted with mixtures of
qualitatively resistant/susceptible hosts.)
The following chapters report on experiments in these four areas.LITERATURE CITED
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ABSTRACT
Three cultivars of winter bread wheat (Gene, Madsen and Stephens) were each
inoculated as seedlings in the greenhouse with seven or eight individual isolates of
Mycosphaerella graminicola collected in 1997 from each of the same cultivars in the
field. Isolates collected from Gene were virulent to all three cultivars, while isolates
obtained from Madsen and Stephens were virulent to those two cultivars and, in all but
one case, avirulent to Gene. At its release in 1992, Gene was resistant toMgraminicola,
as indicated by both field observations and greenhouse tests, but by 1995 its resistance
had substantially deteriorated. This indicated that its resistance was vertical (sensu
Vanderplank) or race-specific, and that commercial cultivation of Gene rapidly selected
for strains in the localMgraminicola population that were specifically adapted to
overcome its resistance.
Keywords: Mycosphaerella graminicola, physiologic specialisation, septoria tritici
blotch, Triticum aestivum, winter bread wheat
INTRODUCTION
Septoria tritici blotch is a foliar disease of durum and bread wheat caused by
Mycosphaerella graminicola (anamorph Septoria tritici), which inflicts major losses on
wheat crops in areas of relatively high rainfall and moderate temperatures. Severity of13
septoria tritici blotch appears to be increasing in many parts of the world (24), including
the Willamette Valley of Oregon, USA (20).
Host plant resistance is the method of choice for control of septoria tritici blotch.
WhetherMgraminicola has specific interactions with its hosts is important in breeding
for resistance, and has been extensively debated. There is widespread agreement that it is
specialised at the level of the host species, on bread or durum wheat (5,6,8,11,23). Three
early reviews (14,21,25) suggested thatMgraminicola probably does not possess
cultivar specificity. In these three reviews, the total evidence cited against physiological
races and specificity consists of two abstracts, one reference to unpublished data and two
published papers. However, numerous more recent studies have yielded evidence of
differential cultivar-isolate interactions including several that used only same-species
isolates and testers (i.e., bread-wheat isolates on bread wheats) (1,2,12,13). Kema et al.
(12,13) inferred gene-for-gene interaction in theM.graminicola-wheat pathosystem
because of significant interaction mean-square values in analysis of variance and
covariance, and cluster analyses indicating substantial genetic variance for virulence and
resistance among isolates and cultivars.
If isolate x cultivar and gene-for-gene interactions do occur, what is the practical
significance for the durability of resistance? Previous studies ofMgraminicola-wheat
interaction have involved isolates and cultivars that were unrelated to each other; often
the choice of isolates was apparently arbitrary. Significant cultivar-isolate interactions in
these experiments tell only of the potential for specific adaptation, not whether such14
adaptation has in fact occurred or will occur. Experiments in which isolates have been
selected on the cultivars studied can reveal actual patterns of adaptation to host.
This paper describes an experiment with M graminicola isolates collected in
1997 from three cultivars with different levels of resistance, and tested as single isolates
on those same cultivars in the greenhouse. This work provides evidence that the 1992
introduction of a cultivar with resistance to septoria tritici blotch was soon followed by
the evolution and retention in the localMgraminicola population of strains with specific
virulence to that cultivar, indicating that its resistance was vertical (sensu Vanderplank,
28) or race-specific.
MATERIALS AND METHODS
The experiment was conducted in 1998 with wheat seedlings grown in the
greenhouse and monopycnidial isolates ofMgraminicola collected in July 1997. Pots of
wheat seedlings (testers) were inoculated with individual isolates, and the experimental
unit was the pot.
The experiment was a factorial of tester cultivar and isolate. The soft white
winter wheat cultivars Gene (P.!. 560129), Madsen (P.1. 511673), and Stephens (C.I.
017596) served both as sources of isolates in the field and also as tester cultivars in the
greenhouse. At its release in 1992, Gene was highly resistant to M graminicola, but that
resistance has declined markedly since then (20). Madsen has moderate resistance to
septoria tritici blotch, and Stephens is highly susceptible.15
There were 22 monopycnidial isolates of M. graminicola (seven eachderived
from Gene and Stephens, and eight from Madsen). The isolateshad been collected at
random from 3 x 22 m experimental plots at the Hyslop Crop ScienceField Research
Laboratory in Corvallis, Oregon. The Gene isolatescame from five different Gene flag
or F-i leaves (in some cases, flag leaves were difficult to isolate from due to lowlevels of
infection), and the Madsen and Stephens isolates originatedfrom four different flag
leaves of those cultivars, respectively. Thus, the probabilitythat two isolates from a
particular cultivar were genetically identicalwas extremely low, as even pycnidia from
different lesions on the same leafare highly likely to be genetically distinct (17). The
experiment was replicated three times.
In each replication, 10-cm potswere planted with1 5 seeds of each cultivar. The
pots were fertilized with Osmocote 18-6-12 extended time-release fertilizer(Scott-Sierra
Horticultural Products Co., Marysville, Ohio)at a rate of about 1 g per pot at seeding, and
watered as needed. Soon after seedlingemergence the pots were thinned to a density of
10 plants per pot.
M graminicolaisolates were maintained on refrigerated silica gel and yeast-malt
agar, and inoculum was prepared by growing the isolates for 5-7 dayson yeast-malt agar
slants. The conidia were suspended in distilled water and thesuspension was adjusted to
a concentration of approximately 1 x 106 spores per ml usinga haemocytometer. For
each isolate, 50 ml of the suspensionwas used to inoculate seedlings (one pot of each of
the three cultivars) to the point of run-off. Potswere inoculated at 21 days after planting,
and placed in a mist chamber with high relative humidity for96 hr. They were thenIr
returned to the greenhouse bench, arranged in random order within each block and with
even spacing on the bench, and watered by drip irrigation to promote constant canopy
humidity. At 21 days after inoculation, symptoms of septoria tritici blotch were assessed.
The third leaf from the bottom of each plant was assayed for percentage of leaf area
covered by M graminicola lesions, irrespective of pycnidial density. A mean percentage
diseased leaf area (%DLA) was calculated for the approximately 10 plants in each pot.
Some researchers have assayed necrotic leaf area (6,7); others have measured
pycnidial coverage (5,11,13,22) or percentage of leaf area with necrotic lesions
containing pycnidia (26). In the present experiments percentage leaf area occupied by
Septoria tritici blotch lesions was recorded, rather than either necrotic leaf area or
pycnidial density, as a measure of disease. Some of the lesions observed contained few
or no pycnidia. It was possible to distinguish a lesion, even if it did not contain pycnidia,
from other necrotic leaf tissue, particularly if the necrosis on water controls was used as a
reference point and if trials were conducted during the period from November to March.
This choice was based on observations that diseased leaf area proportions accurately
reflected the susceptibility of cultivars in the field, and that naked-eye assessments of
lesion area seemed more accurate and reproducible than those of pycnidial coverage.
As a result of the size of this experiment, the assessment of symptoms in each
replication had to be conducted over two consecutive days. To account for disease
increase from the first to the second assessment day, between four and eight treatments in
each replication were assessed on both days, and the percentage change in diseased leaf17
area was calculated. A linear regression model was used to adjust day 1 means to be
equivalent to day2 means Jbr each pot.
A previous greenhouse experiment using similar methods was conducted in 1994
with the same tester cultivars and isolates that had been collected in the field in 1992.
The only differences in method were that the experiment had thur replicates; 25 ml
instead of 50 ml of spore suspension wereapplied to each group of four pots in the
greenhouse (the three reported here plus a fourth); and the second rather than the third
leaf from the bottom was assessed.
Statistical Analyses: Data were subjected to analysis of variance. As disease severity
on the water controls was negligible (Table ILl), these values were excluded from the
analysis in order to avoid underestimating the mean square for error. To improve
homogeneity of variance, the data wereloge-xransfonned with the pianthy LO added to
alloriginalvalues). Fixed effects were origin, tester cukivar, and their interaction.
Replicate, isolate within origin, and interactions involving those two effects were treated
as random.. The origin-tester interaction was dissected with linear contrasts to determine
if isolates collected from Gene were specifically adapted to that cultivar. As an
additional test of specific adaptation, Pearson's chi-square test with Yates's continuity
correction was performed on a contingency table in which isolates were classified as
virulent or avirulent on Gene, and originating either from Gene or from
Madsen/Stephens. Origin and tester means were separated using Fisher's protected least
significant difference test.19
Table 11.1., Continued
bMeansare the untransformed percent diseased leaf area over four replications.
Statistical analyses were conducted on lo&-transformed data.
To determine the importance of the isolate-tester interaction, the three 1997
replicates were analyzed separately because of a significant interaction between isolates
and replicates. For this assessment, the intraclass correlation (16), which measures the
similarity of observations within groups compared to observations between groups, was
calculated using untransformed data. In this case the intraclass correlation coefficients
indicate the correlation in values among testers inoculated with the same isolate. The
intraclass correlation coefficient is the ratio
aisolate(ongin)
aisolate(oi,gin)+ aisolate(origin) x tester
Here the ratio can take on values from-V2[-1 /(number of testers - 1)] to 1. A ratio close
to 1 indicates a strong correlation in disease readings among testers affected by the same
isolate; that is, variation between isolates is more important than that of isolate-tester
interaction. Conversely, a ratio toward the low end of the range indicates a lack of
correlation in disease levels among cultivars inoculated with the same isolate; that is, the
preponderance of variation can be attributed to the interaction of isolates and testers.20
RESULTS
Isolates applied to tester Gene can be clearly separated into virulent (>10% DLA)
and avirulent (5% DLA) categories (Table 11.1). Of the seven 1997 isolates from Gene,
only one caused less than 5% DLA on Gene, and the mean was 2 1.3% (Fig. 11.1). The
Gene isolates were also strongly virulent to Madsen and Stephens, causing an average of
35.7% and 33.1% DLA, respectively. In fact, some isolates from Gene were more
virulent to Madsen and Stephens than were isolates from those cultivars (Fig. 11.lb).
However, nearly all isolates from Madsen and Stephens were avirulent to Gene, causing
mean % DLAs of 2.8% and 1.8%, respectively. Only one of those 15 isolates, number 11
derived from Madsen, was virulent to Gene (10.7% DLA).
The origin-tester interaction was significant (P=0.03 16) (Table 11.2). Linear
contrasts designed to dissect the origin-tester interaction revealed no interaction between
origins and the testers Madsen and Stephens, but very strong interaction between the
origins and tester Gene versus testers Madsen and Stephens (Table 11.3). Chi-square
analysis confirmed that there was a significant difference between the proportion of
isolates from Gene that were virulent to Gene (six of seven) and the proportion of isolates
from Madsen/Stephens that were virulent to Gene (one of 15)(x2 =10.3445, 1 d.f., P=
0.0013).
For the 1998 experiment, the point estimates of intraclass correlation were 0.62 1,
0.518, and 0.473 for replicates 1, 2, and 3, respectively. The 95% confidence intervals
for those estimates were (0.376, 0.811), (0.252, 0.748), and (0.200, 0.7 18), respectively.10
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Fig. 11.1. Mean percent diseased leaf area caused by isolates of Mycosphaerella
graminicola collected from each of three cultivars in the field and inoculated singly on
each of the same cultivars as seedlings in the greenhouse. Within a tester, bars topped by
the same letter are not significantly different at the 95% confidence level based on
Fisher's protected least significant difference. A. Two isolates were collected from each
cultivar in 1992 and the experiment was performed in 1994. Values are means of four
replications. B. Seven or eight isolates were collected from each cultivar in 1997 and the
experiment was performed in 1998. Values are means of three replications.22
TABLE 11.2. Analysis of variance using lo&-transformed percent disease severity data
from greenhouse inoculation of wheat seedlings with single isolates of Mycosphaerella
graminicola derived from the same cultivars in the field in 1997
Source DFMean sq.F-valuePr> F
Rep 2 11.465 5.4660.1102
Origina 2 13.438 4.9650.0268
Isolate(origin) 19 3.069 2.7550.0040
Tester 2 53.71521.2140.0051
Origin x tester 4 4.240 4.0990.03 16
Isolate(origin) x tester38 0.5 18 1.4200.0979
a()jgj= cultivar from which isolates originated.
TABLE 11.3. Linear contrasts to dissect the cultivar-of-origin x tester cultivar interaction
for 1997 isolates of Mycosphaerella graminicola collected from three wheat cultivars in
the field and inoculated singly on the same three cultivars as greenhouse-grown seedlings
Linear contrast
Madsen vs. Stephens x thigifla
Madsen & Stephens vs. Gene x Origiif
DFMean Sq.F-valuePr> F
20.0038250.160.8580
20.1978718.030.0068
a()1.jfl= cultivar from which isolates originated.
None of the isolates collected in 1992 was virulent to Gene (Table 11.4), and the
origin-tester interaction was not significant (data not shown).23
TABLE 11.4. Percent diseased leaf area of greenhouse-grown wheat seedlings
inoculated with Mycosphaerella graminicola isolates collected in 1992a
Tester
Cultivar
of Origin GeneMadsenStephensMean1'
Genec
Iso!. 1 0.33 8.15 5.78 4.75
Iso!. 2 0.48 4.03 6.10 3.54
Madsenc
Iso!. 3 0.43 4.60 6.35 3.79
Iso!. 4 0.38 5.75 16.28 7.47
Stephensc
Iso!. 5 0.43 3.45 3.98 2.62
Iso!. 6 0.53 6.25 7.45 4.74
Grand mean 0.43 5.37 7.66 4.49
Water contro! 0.30 0.20 0.20 0.23
aExperiment was conducted in 1994.
1'Means are the untransformed percent diseased leaf area over four replications.
Statistical analyses were conducted on logetransformed data.
cField reactions: Gene, highly resistant at the time isolates were collected; Madsen,
moderately resistant; Stephens, highly susceptible.
DISCUSSION
These results indicate that, following commercial introduction of Gene, strains
rapidly appeared in the local M graminicola population that were adapted to overcome
its vertical resistance. These strains persisted in the population even when Gene no
longer occupied a substantial share of commercial wheat area (Fig. 11.2).24
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Fig. 11.2. Percent of soft white winter wheat area occupied by three cultivars in the
Willamette Valley of Oregon during the period 1990-97. Data are compiled from
successive editions of Oregon Agriculture & Fisheries Statistics, published by the U.S.
Dept. of Agriculture and the Oregon Dept. of Agriculture.
At its release in 1992, Gene was almost completely resistant to M graminicola
(19,20). Gene is an F4-derived selection from a cross involving the resistant cultivar
Cleo, which is believed to carry the septoria tritici blotch resistance gene Sth4 (15,26). In
1994 and 1995, Gene quickly gained popularity among commercial growers in Oregon
(Fig. 11.2), and by 1995 it occupied over 15% of the Willamette Valley wheatarea. The
data in Fig. 11.2 are valley-wide means; Gene's proportion of wheat area was substantially
higher in the south-central Willamette Valley, where the experiments were carried out.
By 1995 it was evident that M graminicola was rapidly overcoming the resistance of
Gene (20). Its susceptibility also to Leptosphaeria nodorum (anamorph =Septoria
nodorum) was an additional liability, and planting of Gene apparently increased the25
prevalence of that pathogen in the Willamette Valley. Commercial production of Gene
declined and by 1997 the cultivar accounted for only 3.9% of Willamette Valley wheat
cultivation.
Consistent with this history, Ahmed et al. (1) detected avirulent reactions on Gene
for 14 monopycnidial isolates, including six from Oregon, that were all collected prior to
1992. Further, bulk populations of 20 isolates collected from each of four cultivars,
including Gene, in 1992 produced avirulent reactions on Gene (2). Its field performance
was consistently highly resistant prior to commercial production (19,20). The data in
Table 11.4 indicate avirulence to Gene in the six isolates collected in 1992; while these
data by themselves would be insufficient, they corroborate other evidence that M.
graminicola was avirulent on Gene before 1992.
The 1997 isolates obtained from Gene were virulent to all three cultivars with one
exception, while those from Madsen and Stephens were avirulent to Gene, again with one
exception. Inspection of Fig. 11.1 and the linear contrasts (Table 11.3) illustrate that most
of the origin-cultivar interaction resulted from differential interactions of isolates on
Gene. Similarly, Kema et al. (12) found considerable variation among subsets of host
cultivars and pathogen isolates as to whether they appeared to possess specific
resistance/virulence factors.
The rapid decline of resistance in Gene suggests that it is under the control of a
monogenic or oligogemc system. This report now provides a clear example of rapid
decline in resistance of a cultivar to M graminicola that was reported as missing from the
literature by Johnson (10) and Kema et al. (13). It should be noted that in the Willamette26
Valley, M graminicola has near-optimal conditions for rapid evolution in response to
host characteristics. Epidemics vary from moderate to severe, the sexual stage is
abundantly present during more than one part of its life cycle (20; C.Cowger,
unpublished data), and genetic variability of the pathogen is extremely high (3, 4). In
contrast, environmental conditions are less favourable to septoria tritici blotch in the
Central Valley of California; even so, the resistance of cultivars planted extensively there
starting in the mid-1990s had already eroded significantly, although not completely, by
1998 (L. Jackson, University of California at Davis, personal communication). At least
one of those cultivars probably bears the Stb4 resistance gene.
While the sample of 22 isolates was limited in size, it was probably adequate
because of the high level of consistency in the response of Gene to isolates from each
cultivar. Isolates were either virulent or avirulent, and isolates from the two other
cultivars performed almost uniformly on Gene.
Average disease levels were considerably higher in the 1998 experiment than in
the small experiment performed in 1994. The difference could result from environmental
conditionsinthe greenhouse, a general increase in aggressiveness of the pathogen over
the intervening years, or both. Isolates from 1992 and 1997 were not compared in the
same test, and no claims are made about the relative aggressiveness of the two sets of
isolates. A simultaneous test of both sets of isolates, while interesting, would address a
different question from the main focus of this research, and would also introduce the
confounding factor of differential periods of maintenance of the pathogen in culture. The27
data from the 1994 experiment simply help to establish the baseline of avirulence of
isolates to Gene, which is amply confirmed by field data and other greenhouse studies.
The relative disease levels on the 1998 greenhouse testers did not mirror those of
the same cultivars in the field (disease was, on average, most severe on Madsen, while
Stephens is the most susceptible of the three in the field). One possible explanation is
that the set of isolates we used was not perfectly reflective of the population as a whole.
Another explanation is that seedling and adult plant responses are not completely
correlated (13). However, previous greenhouse studies using bulked isolates (2) ranked
seedlings of these cultivars the same as adult plants in the field.
Kema et al. (13) showed that adult plants were more susceptible than seedlings in
a set of 22 cultivars each challenged with three individual M graminicola isolates. While
such developmental factors might explain the avirulence of Madsen and Stephens isolates
on our Gene seedlings, they would not account for the consistent and specific virulence
of Gene isolates on Gene that we observed.
It may be speculated why no isolates from Stephens and only one from Madsen
possessed virulence to Gene. A possible explanation is that virulence to Gene entails a
fitness cost under field competition that is not evident in single-isolate greenhouse
experiments. Alternatively, isolates adapted to Gene may comprise a small proportion of
the M. graminicola population, perhaps related to the relatively small area on which it
was cultivated. In either case, isolates virulent to Gene would be detected more easily
under the selective effect of that cultivar.The data support the conclusion that specific cultivar-isolate interactions operate,
although not exclusively, in the M graminicola/Triticum aestivum pathosystem. The
isolate-tester interaction was significant at P = 0.0979 for the 1997 isolates. The
intraclass correlations estimated for the 1997 replicates were consistently about one-third
from the top of the range, and their 95% confidence intervals overlapped substantially.
This implies low to moderate specificity in our total set of isolates and testers, which is
consistent with the finding of a lack of specificity to Madsen and Stephens, and
specificity to Gene.
The specificity detected in an agricultural host-pathogen system will depend
greatly on the nature of resistance that is commercially deployed. Gene was the first
wheat cultivar with high resistance to septoria tritici leaf blotch to be grown
commercially in the Willamette Valley of Oregon, and it was possible to identify
cultivar-specific isolates within five years of its release.
Detection of clear specificity only after use of highly resistant cultivars has
occurred previously in other host-pathogen systems. For example, specificity in the rice
(Oryzae sativa)/Xanthomonas oryzae pv. oryzae system was debated into the I 970s.
However, the deployment and subsequent breakdown of resistant rice cultivars in Japan
and the Philippines in the 1 970s resulted in the clear identification of physiological races
(18). Subsequently, bacterial blight of rice has become one of the best molecularly
characterized gene-for-gene systems (9,27).
In agreement with Kema and van Silthout (13), it is suggested that the slow
evolution of virulence in M. graminicola that has often been observed results, in part,29
from the incomplete nature of most resistances that have been used. However, it is
anticipated that qualitative resistance to M. graminicola will be no more durable than in
any other host-pathogen system, as illustrated by the performance of Gene in the
Willamette Valley of Oregon.
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ABSTRACT
The selective effect of quantitative host resistance on pathogen aggressiveness is
poorly understood. Because two previous experiments with a small number of bread
wheat cultivars and isolates of M graminicola had indicated that more susceptible hosts
selected for more aggressive isolates, we conducted a larger experiment to test that
hypothesis. In each of two years, six cultivars differing in their levels of partial
resistance were planted in field plots, and isolates were collected from each cultivar early
and late in the growing season. The isolates were inoculated as populations bulked by
cultivar of origin, field replicate, and collection date on seedlings of the same six
cultivars in the greenhouse. The selective impact of a cultivar on aggressiveness was
measured as the difference in aggressiveness between early and late isolates from that
cultivar. Regression of those differences on disease severity in the field yielded
significance values of 0.0531 and 0.0037 for the two years, with moderately resistant
cultivars selecting for more aggressive isolates. In a related experiment, the protectant
fungicide chlorothalonil was applied to plots of two susceptible cultivars to retard
epidemic development. When tested in the greenhouse, isolates of M. graminicola from
those plots were significantly more aggressive than isolates from the same cultivars
unprotected by fungicide.
Additional keywords: pathogenicity, resistance, Septoria tritici blotch, Triticum aestivum,
virulence.35
INTRODUCTION
In this paper, we employ Vanderplank's (25) definitions of "pathogenicity"as the
sum of a pathogen's disease-causing abilities, including both "virulence" (specific
disease-causing abilities) and "aggressiveness" (non-specific disease-causing abilities).
Host selective effects on pathogenicity are an important aspect of host-pathogen
interactions. Research on a host's selective impact on virulence is relativelycommon,
with efforts more on qualitative than on quantitative interaction. Very few reportscan be
found of host selective impacts on aggressiveness, despite the large number of
quantitatively varying pathosystems.
The data that are available tend to support the conclusion that resistant hosts
select for more aggressive pathogens than do susceptible hosts. In one example (24),
potato cyst nematodes (Globodera pallida) reared for several generations on resistant
potato cultivars exhibited an increased reproductive rate, while those raised on
susceptible potato cultivars did not. The authors of another report (21) suggested that
multiplication of Lettuce Mosaic Virus in lettuce (Lactuca sativa) cultivars with
relatively high levels of partial resistance may have contributed to theemergence of new,
more aggressive viral pathotypes.
A report from our laboratory (1), subsequently cited by others (2,3,5,6,16-
20,22,23), suggested that more susceptible cultivars of winter wheat (Triticum aestivum)
select for more aggressive isolates of Mycosphaerella graminicola. The evidencecame
from two greenhouse experiments in which wheat seedlings were challenged with
isolates previously obtained from the same cultivars grown in field plots. Four cultivars36
were used in the first study, and two cultivars in the second study. Similar results, though
smaller in magnitude, had been obtained withXanthomonas oryzae pv. oryzaeon rice
(Mundt, unpublished). When 80 isolates of the rice pathogen collected fromeach of two
cultivars in replicated field experiments at each of two locationswere tested on the same
cultivars in the greenhouse, the isolates from the susceptible cultivarcaused significantly
longer lesions than those from the moderately resistant cultivar.
Although evidence that susceptible cultivars select for greater aggressivenesswas
surprising, it was hypothesized (1,19) that suchan effect might be explained by a greater
variance in the pathogen's reproductive rate (lesions producedper lesion per day) on the
susceptible cultivars. Since gain due to selection is directly proportionalto genetic
variance, one could thus expect a more rapid increase in aggressivenesson the
susceptible cultivars. Alternatively,more aggressive isolates could be selected directly
by some cultivar phenotype(s), perhaps pleiotropically by the characters conferring
susceptibility, and not as a result of the more intense epidemics occurringon those
cultivars.
M graminicola causes the foliar disease Septoria tritici blotch in wheat. This
pathosystem is useful for investigation of host selective effectson aggressiveness. In the
Willamette Valley of Oregon, the site of our research, the pathogen populationpossesses
high levels of genetic variability (26) and thus the basis for rapid adaptation. Disease
severity varies quantitatively, and most studies of resistance to M graminicola in bread
wheat have found that additive effects predominate (4,11,12). Moreover, host resistance
is the method of choice for controlling this economically increasingly important pathogen37
(5,9), and it is therefore desirable to understand how the deployment of partial resistance
affects pathogenicity.
The present research tested two hypotheses. First, we tested the hypothesis that
host susceptibility was associated with greater aggressiveness among isolates. To do so,
we used a larger number of cultivars and isolates than did Ahmed et al. (1), and chose
cultivars that were not closely related. Our second hypothesis was that, on susceptible
cultivars, a higher pathogen reproductive rate was by itself sufficient to explain more
rapid selection for aggressiveness. This hypothesis was tested by applying lowered rates
of a protectant fungicide to susceptible cultivars to reduce pathogen reproduction.
MATERIALS AND METHODS
Overview
In each of two winter wheat seasons (1997-98 and 1998-99), field piots were
planted in a randomized, complete block design with four replicates. The treatments
were six soft white winter wheat cultivars (Table ffl.l) and four additional treatments in
whichtwoof the susceptible cultivars were sprayed with a protectant fungicide to
artificially reduce the rate of epidemic development. Isolates collected each year were
used the subsequent winters in greenhouse experiments to measure aggressiveness.38
TABLE 111.1. Field disease severity of winter bread wheat cultivars used in field and
greenhouse experiments to test selective effects of host resistance on aggressiveness of
M graminicola populations
Disease severit?
Accession
Treatmentnumber 1998 1999
Lewjain C.I. 17909 43.3 30.0
Cashup PVP 8500178 61.0 43.3
Madsen P.1. 511673 71.3 51.8
W-301 P.!. 559718 77.5 57.8
MacVicarP.1. 552427 73.5 66.0
StephensC.I.017596 79.0 67.0
Stephens1.8 mi/L fung.z 25.8 41.8
Stephens0.88 mi/L fung. 43.8
W301_1.8m1/Lfimg.z 31.3 41.4
W-3010.88 mi/L fung.z -- 44.0
'Mean percent diseased canopy area of four field replicateson 15 June 1998 and 17 June
1999.
zplOtS sprayed with theprotectant fungicide chlorothalonil (ml Bravo per L water) to
reduce the rate of pathogen reproduction.
Field experiments
Plot establishment
Field plots were established at the Oregon State University Botany and Plant
Pathology Field Laboratory in Corvallis, Oregon, USA. Each of the four plots of each
treatment occupied two adjacent 1.5 x 6.1 m planting units. Equal-sized plots of wheat39
and barley were alternated in a checkerboard pattern so that the barley provideda buffer
between the wheat plots.
Three of the cultivars (Stephens, Madsen, and MacVicar) were commonlygrown
in western Oregon, where the experiment took place. The other three cultivars,not
commonly grown in this region, were chosen to provide a balance between moderately
resistant and susceptible cultivars. The moderately resistant cultivars had expressed
approximately one-half of the level of disease found on the susceptible cultivars in
western Oregon (DiLeone and Coakley, unpublished data). Heights of the six cultivars
were uncorrelated with susceptibility to M. graminicola.
Plots were planted on 20 October 1997 and 7 October 1998. Fertilization,
planting, and weed control were all conducted according to standard commercial
practices in the area.
Fungicide applications
Reduction in the reproductive rate of the pathogen was accomplished by applying
the non-systemic, protectant fungicide chlorothalonil (Bravo 720, 720 g chlorothalonil/L,
54% a.i.) to plots of two susceptible cultivars, Stephens and W-301. Chiorothalomi is a
broad-spectrum, multisite fungicide that was chosen because it was not expected to exert
specific selective influences on pathogen populations. The concentration was 1.8 ml
Bravo per L water, about 40% of manufacturer's recommended strength, with the
surfactant Triton B added at the rate of 0.176 milL. The rate of applicationwas 0.84
L/plot (468 L/ha). In the first year, applications were made seven times at intervals of2.5-5 wk, depending on the growth rate of the wheat, from December 10 to May 22. In
the second year of the experiment, in order to allow formation of more lesions from
which to obtain isolates, fungicide was applied only five times at approximately 3-wk
intervals between late January and late April. A lower dosage, 0.88 milL, was also
applied to plots of Stephens and W-301 in 1999.
Disease measurements
Visual assessments of percent diseased leaf area were conducted by twoassessors
for each plot on a whole-canopy basis on 15 June 1998 and 17 June 1999.
Isolate sampling
Leaves infected with M graminicola were collected from the field plots on 19
February 1998 and 25 February 1999, before significant secondary infection had taken
place, and on 12 June 1998 and 24 June 1999, after there had been ample opportunity for
host treatments to exert selective influences on the pathogen populations. These
collection times will be referred to as "early" and "late." Leaves were collected as
follows: along a diagonal transect across each 12-row plot, the flag (1998) or F-i (1999)
leaf was collected from each of two adjacent plants chosen at random in each of the
innermost ten rows of the plot. F-i leaves were collected in 1999 because, due to the
lighter epidemic that year, flag leaves on the more resistant cultivars had too few lesions
to assure that isolates could be obtained. Leaves were bagged separately by row.41
In the laboratoty, monopycnidial isolates of M graminicola were obtained from
the leaves separately by collection date, replicate, cultivar of origin, and row. Isolations
were made by placing leaf segments bearing lesions in petri dishes lined with moistened
filter paper overnight, and then transferring cirrhi individually with a sterile needle to
plates of yeast-malt agar amended with 50 mgfL streptomycin. The isolates were stored
at 4° C and transferred to fresh yeast-malt agar every 3-5 mo.
Greenhouse trials
In 1999 and 2000, pathogen populations collected in the field during the previous
growing season were evaluated in the greenhouse in two experiments addressing the first
and second hypotheses, respectively.
Tester plants
Tester cultivars used to address the first hypothesis, that susceptible cultivars
select for more aggressive isolates, were the same as the six cultivars from which the
isolates were obtained (Table ifi. 1). Testers for the second hypothesis, that a faster rate
of pathogen reproduction accounts for more aggressive isolates on susceptible cultivars,
were the two cultivars subjected to the rate-reducing fungicide treatment in the field
(Stephens and W-301) and the moderately resistant Madsen.
The experimental unit was a pot of seedlings. In the first year, plants were raised
in 10-cm plastic pots filled with a 1:1:1:2 mixture of peat:sand:loam:#8 pumice amended42
with Osmocote 18-6-12 extended time-release fertilizer (Scott-Sierra Horticultural
Products Co., Marysville, OH) at a rate of about 1 g/pot at seeding. Approximately 13
seeds of a cultivar were sown in each pot, and seedlings were thinned to 10 plantsper pot
at about 18 days after planting. The plants were grown under sodium halide lighting to
extend the daylength to 16 hr, and watered as needed. To control powdery mildew,
plants were treated as necessary with 50 ml of a soil drench of ethirimol (0.11g a.i./L),
which has no influence on the development of M graminicola. The greenhouse
temperature was maintained at 20-25° C.
During the second greenhouse season, because of problems in the previousyear
with emergence, growth, and non-disease-related necrosis, plantswere raised in Black
Gold all-organic potting soil (Black Gold, Inc., Hubbard, OR) amended with about 2.5g
Osmocote per pot. Pots were also fertilized weekly with 50 ml of Peters water-soluble
20-20-20 fertilizer (United Industries Corp., St. Louis, MO) at the rate of 3.8 g/L of
water. Watering, temperature, and lighting were as in the first year.
Inoculum preparation and inoculation
For greenhouse tests of 1998 isolates, each experiment had four replicates in time,
with each replicate testing a pathogen population from a different block in the field
experiment. Isolates were increased individually for four days on fresh yeast-malt agar.
Isolate populations were created by mixing together spores of each isolate from a given
field plot in an equiproportional suspension, which was adjusted to a concentration ofi05
spores/ml just prior to inoculation.43
In the first experiment, which measured aggressiveness of early and late isolates,
the target number of isolates in a population was 10, corresponding to the 10rows in the
plot from which isolates were sampled. In some cases, due to poor isolate growthor
contamination, the actual number of isolates in an equiproportional mixturewas less than
10. However, in only five out of the 48 treatments comprising the four replicates did the
number of isolates in a population fall below eight (four, five, six, six, andseven
isolates), and all five involved different cultivars of origin.
When plants were 21 days old, a group of six pots comprisingone pot of each
cultivar was inoculated with 50 ml of each isolate population plusone drop of surfactant,
which was sufficient to inoculate the plants to run-off. Inoculationwas performed with
spray bottles and a turntable. After inoculation, the plants were kept in a greenhouse mist
chamber for 96 hours. Noninoculated control plants were sprayed with water and
surfactant only, but otherwise treated in the same manner as inoculated plants in order to
control for contamination among pots.
In the second experiment (effect of rate reduction), five isolates from each plot
were bulked, due to the shortage of isolates available from some of the sprayed plots. For
each isolate population, 25 ml was applied to the three pots of the tester cultivars.
In greenhouse tests of 1999 isolates, isolate production for the early/late
experiment was the same as before, except that one of the 48 bulked-isolate treatments
had to be omitted due to poor growth and contamination, and 11 other treatments
contained fewer than eight isolates (one had four, four had five, three had six, and threehad seven). For the rate-reduction experiment, five isolates were available from 16 of the
24 plots; four isolates from three; three from three; two from one; and one treatment
(W-301 high-spray replicate two) had to be omitted due to lack of isolates. Asa result of
tests to optimize soil fertility and disease severity, inoculum concentrations were
increased to 106 spores/ml.
Disease assessment
In order to assess disease levels of all plants in a given experiment in the same
day, two workers conducted the assessments, each assessing half of the plants in each
pot. The percent of the second leaf from the base of the plant covered by Septoria tritici
blotch lesions and lesion-associated necrotic area was estimated visually for each plant in
each pot at 21 days after inoculation. The exception was the early/late experiment with
1999 isolates, in which the third leaf from the base was read because of high levels of
senescence on the second leaf.
Statistical methods
For each cultivar as an isolate source, the mean disease severity caused by early
isolates across all testers (AE) was subtracted from the mean disease severity caused by
late isolates across all testers (AL). These early-late differences in aggressiveness,AL
AE,were regressed on disease severity as assessed in the field for each cultivar.45
Data were subjected to analysis of variance, using the SAS PROC MIXED
procedure, which takes missing data into account (11 pots among the four replicateswere
unusable the first year, and no early MacVicar isolates were available in replicate three of
the second year). As disease severity on the water controls in the greenhouse studieswas
negligible, these values were excluded from the analysis in order to avoid
underestimating the mean square for error. Data wereloge-transformed to improve
homogeneity of variance. Fisher's protected least significant difference testwas used to
separate means of testers and of isolate populations derived from moderately resistant and
susceptible cultivars by collection date. Linear contrasts were used to test the differences
in aggressiveness of populations collected at a particular date from cultivars witha
particular resistance level (MR or S).
RESULTS
Unlike Ahmed et al. (1), we found no evidence that susceptible cultivars selected
for more aggressive populations of M graminicola than moderately resistant cultivars
(Table ffl.2, Fig. ifi. 1). On the contrary, it is apparent from the regression of early-late
aggressiveness differences(ALAE)on disease severity (Fig. ifi. 1) that moderately
resistant cultivars selected for smaller declines or larger gains in aggressiveness than
susceptible cultivars, with P-values of 0.0531 and 0.0037 in 1998 and 1999, respectively.
There was no significant difference in aggressiveness between isolates from
moderately resistant and susceptible cultivars at either collection date in either year
(Table ffl.2). No significant interaction of cultivar as an isolate source and tester46
TABLE 111.2. Percent leaf area covered by lesions of Mycosphaerella graminicola for
pathogen populations collected from six winter wheat cultivars in the field in 1998 and
1999 when subsequently tested on the same cultivars in the greenhouse
Source of isolates'' Teste?
Collection Resistance
time level CultivarCash Mads Steph W-301 MacV LewjMean'
1998
E S MacV 16.622.220.029.031.728.724.7
E S Steph 16.835.022.321.823.923.823.9
E S W-301 13.620.024.814.229.023.520.8
Mean of early S 15.725.722.320.728.825.023.Oa
E MR Cash 19.527.624.121.526.723.823.9
E MR Lewj 18.518.820.521.630.324.522.4
E MR Mads 18.917.828.917.429.933.224.3
Mean of early MR 19.021.424.220.129.027.223.5a
L S MacV 13.719.016.412.028.825.319.2
L S Steph 16.518.816.518.1 19.830.020.0
L S W-301 8.415.814.616.217.418.515.1
Mean of late S 12.917.916.015.422.024.618.lb
L MR Cash 18.423.015.517.915.228.019.6
L MR Lewj 13.124.312.716.228.622.619.6
L MR Mads 14.720.415.615.9 19.125.818.6
Mean of late MR 15.422.614.616.920.225.519.2b
Mean of all early 17.323.523.420.928.626.323.3a
Mean of all late 14.120.215.2 16.1 21.525.018.7b
Mean of 1998z 15.7a21.9bc 19.3ab 18.3ab25.Ocd 25.6d21.7
1999
E S MacV 21.74.315.425.011.115.8 15.5
E S Steph 13.08.313.128.618.817.716.6
E S W-301 21.18.925.616.523.726.320.4
Mean of early S 18.37.418.323.218.520.317.7a
E MR Cash 20.011.516.124.420.325.819.7
E MR Lewj 15.06.716.313.324.127.3 17.1
E MR Mads 14.66.617.2 7.914.923.914.2
Mean of early MR 16.58.316.515.219.825.717.Oa47
Table 111.2., Continued
L S MacV 6.3 5.110.217.618.926.4 14.1
L S Steph 12.77.017.120.1 15.912.214.2
L S W-301 25.17.220.418.815.914.216.9
Mean of late S 14.76.515.918.816.917.615.la
L MR Cash 25.610.821.426.916.931.422.2
L MR Lewj 24.36.322.816.227.835.122.1
L MR Mads 11.76.28.418.124.012.913.6
Mean of late MR 20.57.817.620.422.926.419.3a
Mean of all early 17.67.717.319.318.822.817.3a
Mean of all late 17.6 7.116.719.619.922.017.2a
Mean of all 1999z 17.5b7.5a17.lb19.4b19.5b22.5b17.3
wIsolates collected early (B)or late (L) in the growing season from susceptible (S)
cultivars W-301, MacVicar, and Stephens or from moderately resistant (MX) cultivars
Cashup, Madsen, and Lewjain.
xValuesare least-squares means of three trials for 1998 and four trials for 1999, each
using isolates from a different field replicate.
'1n the final column, means not separated bya blank row and followed by the same letter
are not significantly different at P 0.05 according to Fisher's protected least significant
difference test.
ZWjfljna row, means followed by the same letter are not significantly different at P
0.05 according to Fisher's protected least significant difference test.
occurred in either year (Tables ffl.2 and ffl.3), and the interaction of isolatesource, tester,
and collection date was also nonsignificant in both years (Table ffl.3). Disease severity
varied significantly among testers in both years. Therewere significant differences in
aggressiveness of populations from different isolate sourcesacross collection dates in-2.5
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Fig. 111.1. Regression ofAL - AE(late aggressiveness - early aggressiveness) of Mycosphaerellagraminicola as measured in
the greenhouse on field disease severity for twoyears. Moderately resistant winter wheat cultivars: Cashup (C), Lewjain (L),
arid Madsen (Md); susceptible cultivars: MacVicar(Mc), Stephens (S), and W-301 (W)49
TABLE 111.3. Analysis of variance of pathogenicity of Mycosphaerella graminicola
isolate populations derived from three moderately resistant and three susceptible wheat
cultivars in the field in 1998 and 1999 and tested on the same cultivars as seedlings in the
greenhouse
1998
Source of variationDF F-valueP-value
Isolate source
(J)X 4 0.67 0.6283
Tester (T)x 5 4.52 0.0 103
IxT 20 0.78 0.7404
Adaptation to host 1 1.70 0.090 1
Collection date (C)z 1 10.25 0.0493
I x C 5 0.78 0.5637
IxTxC 25 0.59 0.9413
1999
Source of variationDF F-valueP-value
Isolate source (I)' 4 3.73 0.0357
Tester(T)X 5 10.45 0.0002
IxT 20 0.58 0.9267
Adaptation to host 1 0.30 0.7627
Collection date (C)z 1 0.69 0.47 18
I x C 5 0.09 0.9842
I x T x C 25 0.38 0.9967
xCUltjVserving as isolate sources and testers were: Cashup, Lewjain and Madsen,
moderately resistant; and MacVicar, Stephens, and W-301, susceptible.
Linear contrast within I x T interaction to compare pathogenicity of late isolate
populations on their cultivars of origin to their pathogenicity on other tester cultivars.
zIsolateswere collected either early (19 February 1998 and 25 February 1999) or late (12
June 1998 and 24 June 1999) in each growing season.50
1999, but not in 1998 (Table ffl.3). Late isolate populationswere significantly less
aggressive than early populations in 1998, but therewas no difference in aggressiveness
between populations collected early and late in 1999. Therewas modest evidence that
fungal populations were selected for greater pathogenicityon their hosts of origin in 1998
(linear contrast, P = 0.090 1), but no such evidence in 1999.
Isolate populations from the fungicide-sprayed plotswere significantly more
aggressive than populations from unsprayed plots of thesame cultivars in both years
(Table ffl.4). In 1999, both fungicide dosages selected formore aggressive populations,
although aggressiveness was not statistically different between thetwo dosages. For
1998 populations, there was no significant interaction between the cultivarfrom which
populations originated (Stephens or W-301) and thespray level (P = 0.1872). However,
for 1999 populations there wassome indication of such an interaction (P0.0907), with
increasing fungicide dosages associatedmore strongly with increased pathogenicity of
isolates from Stephens than from W-30 1.
DISCUSSION
These experiments were undertaken to confirm unexpected evidence, obtainedby
our research group, that susceptible cultivars selected for more aggressive isolates (1).
As it turned out, we obtained the opposite result witha larger set of cultivars and isolate
populations that were specifically chosen to test this hypothesis.
Our finding is consistent with the few other available reportson selective impact
of host resistance level on aggressiveness in quantitatively varyingpathosystems (21,24).51
TABLE 111.4. Percent leaf area covered by lesions of Mycosphaerella graminicolafor
pathogen populations collected in 1998 and 1999 from two winter wheat cultivarstreated
with different levels of a protectant fungicide in the field and testedon the same cultivars
in the greenhouse
Tester"
Isolates
from:x W-301 Stephens MadsenMean
1998-0.0 milL 10.0 11.1 14.711.9a
1998-1.8 mi/L 15.9 17.6 13.715.7b
MEANZ 12.9a14.3a14.2a 13.8
1998-W-301 12.8 15.8 11.513.4a
1998-Stephens 13.0 12.8 16.814.2a
1999 - 0.0 mi/L 18.2 6.8 4.2 9.7a
1999 - 0.88 mi/L 26.4 14.9 6.215.9b
1999- 1.8m1/L 31.4 13.0 7.817.4b
MEANZ 25.2a11.7b6.lb 14.3
1999-W-301 24.8 11.2 4.913.6a
1999-Stephens 25.7 12.1 7.3 15.Oa
WValuesare means of four replicates, each with inoculum from a different field replicate.
Xml/Lare ml Bravo (a.i.: chiorothalonil) per L water, applied at rate of 0.84 L/plot (468
LJha)seven times in 1998 and five times in 1999.
In the final column, means not separated by a blankrow and followed by the same letter
are not significantly different at P = 0.05 according to Fisher's protected least significant
difference test.
zWithina row, means followed by the same letter are not significantly different at P =
0.05 according to Fisher's protected least significant difference test.52
It is not surprising that, in these systems, more resistant hosts should select formore
aggressive isolates. If partial resistance and aggressivenessare non-specific and are
conferred additively by several genes, fungal individuals selected bya resistant host
would likely possess one or more traits conferring an advantageon all host genotypes.
Indeed, the model of Gandon and Michalakis (8) predicts that increasing levels of
quantitative host resistance will select for increasing levels of damage caused bya
parasite to the host, while qualitative host resistance will not exercisea similar selective
effect.
Why did our results diverge from those of Ahmed et al. (1),even though the two
studies occurred in the same geographic region, utilized similar methodology,and shared
two cultivars (Madsen and Stephens) as sources of isolates and testers? Forone thing,
the larger of two experiments conducted by Ahmed et al.was not designed to estimate the
selective effects of different levels of resistanceon aggressiveness, since it included only
one highly resistant cultivar (Gene), one moderately resistant cultivar (Madsen), andtwo
susceptible cultivars (Stephens and Malcolm). The apparent association of cultivar
susceptibility and isolate aggressiveness was not borne out when the moderate and low
levels of resistance were replicated in the present study.
Moreover, Ahmed et al. chose cultivars that were relevant to commercial
production, and by chance thetwosusceptible cultivars were very closely related to each
other. The greater mean pathogenicity of isolate populations from Stephens and Malcolm
was almost entirely due to the greater disease severity incited by those isolates on the
sametwocultivars. Because Stephens had been the dominant cultivar in the Willamette53
Valley for many years, greater pathogenicity in isolate populations derivedfrom it and
from its close relative Malcolmmay merely have reflected the long period available for
specific adaptation to Stephens. In fact, the analysis of variance performedby Ahmed et
al. revealed a significant pathogen populationx tester cultivar interaction, which is
indicative of specificity and clouds the interpretation of the significantmain effect of
pathogen population.
The difference in outcomes of the two studiesmay also be partially attributable to
pathogen population shifts in the interval between them. Ahmedet al. used isolates
collected in 1992 and 1994, while the isolates for this workwere collected in 1998 and
1999. In the intervening years, the dominant cultivar in the WillametteValley shifted
from the susceptible Stephens to the moderately resistant Madsen,and epidemic seventy
generally appeared to increase (2,19). Additionally, Gene's resistance, whichwas nearly
complete at the time that isolates were collected from it for the earlier experiment(1992)
but had deteriorated substantially just threeyears later, appears to have been specific (2).
Examination of the data (1,2) reveals that Gene hada different selective impact on
aggressiveness before and after it selected for strains able toovercome its resistance.
Differences in aggressiveness were not significant in eitheryear when comparing
MR-derived to S-derived populations as groups at the late collection date (Table ffl.2),
which was the criterion used by Ahmed et al. However, therewas some variability in
aggressiveness among populations within those groups in the early collections (Table
ffl.2). There were also differences in cultivar resistance level within theMR and S
categories (Table ffl.1). Averaging across the variability within MR andS groups for54
pathogen population aggressiveness and for degree of host resistance obscured the
selective effect of host resistance level. That selective effect only became significant
using linear regression ofAL AEon disease severity, so that individual host effects
could be measured.
The interaction of isolate source with tester cultivar was nonsignificant in both
years of this study. Other studies have found both significant (1,2,7,14-16) and
nonsignificant (10) interactions of M graminicola isolates or isolate populations and
tester cultivars within a particular wheat species. As Kema Ct al. (15) showed, some
combinations of isolates and cultivars display high specificity, while other combinations
possess low specificity. We have detected evidence of both qualitative (2) and
quantitative (19) adaptation to hosts by M. graminicola. While what we observed in the
present study was probably selection for aggressiveness, the difficulty of distinguishing
aggressiveness from virulence in this pathosystem should be remembered (13).
For 1998 isolate populations, we observed both modest evidence of adaptation to
individual host genotypes and a mean decline in aggressiveness over the growing season.
Neither of these effects was detected for the 1999 populations. The epidemic of 1998
was considerably more intense than that of 1999, owing to the wet spring of the first year
and the unusually dry late spring of the second year. It is reasonable to suppose that
greater epidemic intensity might facilitate stronger selection. Why selection should have
favored decreased, rather than increased, aggressiveness in 1998 is unclear.
Given the findings of Ahmed et al. (1), we designed the rate-reduction experiment
to help expose the mechanism by which susceptible cultivars might select for more55
aggressive isolates. That is, we expected that the lower rate of pathogen reproduction
induced by the fungicide would result in isolates that were less aggressive than isolates
from unsprayed plots of the same susceptible cultivars. In fact, we found the opposite,
that isolates from the sprayed treatments were significantly more aggressive than isolates
from the unsprayed treatments in both years of the experiment. This result is consistent
with our finding that more resistant cultivars select for more aggressive isolates. The
multisite fungicide and partial host resistance exercised qualitatively similar selective
pressures on the fungal populations exposed to them. The influence of the fungicide was
evidently more powerful than that of the resistance, as there were significant differences
in aggressiveness of isolates from sprayed and unsprayed plots in bothyears but not of
late isolates from MR and S plots in either year.
In both years, Lewjain was the most susceptible of the six tester cultivars (Table
ffl.2), although Lewjain had the lowest disease severity both years in our field
assessments (Table ffl.l). In the same vein, W-301 displayed high susceptibility in the
field, but low to intermediate susceptibility as a tester. One explanation for these
inconsistencies may be that genes governing resistance to M. graminicola differ during
juvenile and adult growth stages, as has been shown (16). Lewjain matures 7-9 days later
than most of the other cultivars in this study, so its adult resistance may be associated
with its different growth habit. One would expect theAL AEmeasure of within-season
selection for aggressiveness to be relatively robust to juvenile-adult plant resistance
differences. While the three susceptible testers and the moderately resistant tester
Cashup expressed roughly consistent disease ranking both within and between years,56
Madsen's performance as a tester was inconsistent between years in both experiments
(Tables ffl.2 and ffl.4), and we are uncertain why. Theoretically, the presence ofrace-
specific resistance genes could account for such anomalies as those observed with
Lewjain, W-301 and Madsen. However, in both years the isolate-source x tester
interaction was nonsignificant and did not depend on collection date (Table ffl.3).
In summary, earlier suggestions (1; Mundt, unpublished) that host susceptibility
selects for increased pathogen aggressiveness may have been caused by artifacts in
experiments that were not originally designed to test this hypothesis. Results of the
present study suggest that disease management practices that suppress epidemic
development (e.g., quantitative resistance and protectant fungicides) may select for
increased pathogen aggressiveness, a result consistent with previous studies (21,24).
Conditions in the Willamette Valley of Oregon are highly favorable for adaptation of M.
graminicola (19). Thus, similar effects may not be detected within a single season for
pathogens that are less variable, in situations where epidemics are less frequent, or where
there is significant pathogen migration from areas with different selective influences.
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ABSTRACT
The frequency of sexual reproduction has a profound effect on the population
structure and the adaptive potential of a facultatively sexual parasite. Little is known
about the relationship of quantitative host resistance to the frequency ofsex in pathogens.
We sampled over 5,000 fungal fruiting bodies from seven different wheat cultivarsover a
three-year period. The cultivars possessed varying degrees of susceptibility to
Mycosphaerella graminicola, a facultatively sexual pathogen that is heterothallic and
bipolar. The fruiting bodies were classified as M. graminicola pycnidiaor ascocarps,
other fungi, or unidentified. In all three years, area under the diseaseprogress curve
(AIJDPC) explained a significant proportion of the variation in the percentage of M
graminicola ascocarps (P < 0.0005). The mean percentage of M graminicolaascocarps
from all cultivars was 63% in 1998, when the epidemicwas intense, and 14% in 1999, a
year of low disease levels. In 2000, samples were taken at 7-day intervals from 6 June to
27 June from two cultivars with substantially different AUDPCs (788 and 2185
percentage-days). The less diseased cultivar yielded its first M. graminicolaascocarps
one week later than the more diseased cultivar, and respective mean ascocarp percentages
across sampling dates were 20.2% and 59.3%. The frequency of sexual reproduction by
M graminicola is likely to be strongly conditioned by infection density.
Additional keywords: microconidia, Phaeosphaeria nodorum, Red Queen hypothesis,
Septoria tritici blotch, Triticum aestivum62
INTRODUCTION
As an evolutionaiy strategy, sexual reproductioncan increase pathogenic fitness
in three ways. First, it can generate new combinations of alleles (newgenotypes) through
independent assortment that have higher fitnessas a result of interactions among alleles
at different loci (20,28,33). Second, through intragenic recombination itcan create new
alleles (36), possibly at loci that affect pathogenicity (7). Third, sexual reproductionmay
free beneficial alleles from disadvantageous alleles at other loci andprevent
accumulation of low-fitness alleles in a single genetic background (28,29,33,37).Thus,
sex can increase the effectiveness of selection and facilitate adaptation by the pathogen
population to host defenses or chemical pesticides (5,37).
Experimental evidence indicates that there isa trade-off between sexual and
asexual reproduction in many fungal species, and that the balance is influenced byseveral
genetic and environmental factors (9). Different ecological roles for sexual and asexual
propagules may help to maintain recombination in the life cycle of organisms thatare
facultatively sexual, as are numerous plant-pathogenic fungi (8,34). The relative
contributions of sexual and asexual reproduction havea significant effect on pathogen
population structure (2,29), and have been investigated using direct and indirect
techniques for several plant pathosystems (6,31,35,40).
Whether facultative sexual reproduction by a pathogen ismore frequent on
resistant or susceptible hosts is a matter with important epidemiological and disease-
management consequences (19). Little empirical evidence is available to shed lighton
this issue. A study of potato cultivars with different levels of race-nonspecific resistance63
to Phytophthora infestans indicated that oospore formation was highest in cultivars with
intermediate levels of resistance, perhaps because susceptible cultivars were destroyed
too quickly to allow oospore formation (21). Gemmill et al. (19) reported that facultative
sexual reproduction by parasitic nematodes was higher when challenged by a genotype-
specific immune response in rats than in the absence of the immune response. They
suggested that sex in pathogens might be an adaptation to combat facultative antiparasite
defenses. This would essentially be the converse of the Red Queen hypothesis, which
holds that sexual reproduction is maintained in hosts as a response to cyclical changes in
selection pressure caused by pathogens over time (5,11). A theory that accounts for
sexual reproduction in facultatively sexual organisms as a response to stress (3) might
also lead one to expect higher levels of pathogen sexual reproduction onmore resistant
hosts.
Mycosphaerella graminicola, a fungus that is probably bipolar and heterothallic
(27), is a facultatively sexual pathogen of wheat (Triticum aestivum). This funguscauses
the increasingly damaging foliar disease Septoria tritici blotch. A good deal is already
known about the sexual stage of M graminicola in winter bread wheat. Ascosporesare
not only the primary source of inoculum that initiates epidemics (38,39), but are also
produced under at least some conditions throughout the year (22,27). The sexual stage
has a major impact on the genetic structure of M. graminicola populations (10,32), which
are characterized by high levels of gene and genotypic diversity (31).
The role of sexual reproduction in disease progress, and the environmental and
host factors that influence the degree of sexual reproduction, are still uncertain. Kema et64
al. (27) reported completion of a sexual cycleon a susceptible cultivar in five weeks, and
suggested that M. graminicola could complete several sexual cyclesper season. Eriksen
et al. (17) predicted on the basis of mathematical modeling that, whileascospores should
have little impact on epidemic progress, the proportion of all pycnidia thatwere sexual
descendants could be as high as 20-30% by the end of the growingseason. Similarly,
Zhan et al. (42,43) estimated 21% sexual recombinants ina sample of 600 isolates
gathered from field plots at the end ofa growing season and analyzed using molecular
marker data.
To date, no published research about the role of sexual reproduction in this
disease system has specifically taken into account differences in hostsusceptibility. We
sampled fruiting bodies from wheat cultivars with varying levels of resistanceto M.
graminicola. Our purpose was to better understand the relationship betweendegree of
host resistance and frequency of sexual reproduction.
MATERIALS AND METHODS
Field experiments
Cultivars and plot establishment
Three of the six cultivars selected in 1998 (Stephens, Madsen, and MacVicar)
were commonly grown in western Oregon, where the experiment took place. The other
three cultivars, not commonly grown in this region,were chosen to provide a balance65
between moderately resistant and susceptible cultivars. The moderately resistant
cultivars had expressed approximately one-half of the level of disease foundon the
susceptible cultivars in western Oregon (DiLeone and Coakley, unpublished data). Days
to heading, which is moderately correlated with resistance to M. graminicola (15), also
varied among cultivars (Table IV.!). Heights of the six cultivarswere unassociated with
susceptibility to M graminicola.
In 1999, the cultivars Gene and Foote were added to the experiment in order to
enlarge the sample and because Foote was both moderately resistant and hada similar
maturity date to those of the susceptible cultivars Stephens, W-301, and MacVicar (Table
IV.1). At its release in 1992, Gene was highly resistant to M. graminicola, but that
resistance had largely disintegrated by 1995, and specific interactions between Gene and
the pathogen have been demonstrated (14). Gene matures approximately 10 days earlier
than the other susceptible cultivars in the experiment.
Field plots were established each year at the Oregon State University Botany and
Plant Pathology Field Laboratory in Corvallis, Oregon, USA. Each of the four plots of
each treatment occupied two adjacent 1.5 x 6.1 m. planting units. Plots of wheat and
barley were alternated in a checkerboard pattern so that the barley provideda buffer
between the wheat plots. Plots were planted on 20 October 1997, 7 October 1998, and 12
October 1999. Fertilization, planting, and weed controlwere all conducted according to
standard commercial practices in the area.TABLE IV.1. Percentages of Mycosphaerellagraminicola, Phaeosphaeria nodorum, andunidentified fruiting bodies sampled at the end of three growingseasons from four replicated field plots of wheat cultivars withdiffering levels of
susceptibility to Septoria diseases
M graminicola
Days to Sexual Asexual Sexual P. nodorum Unidentified Yea?Cultivar headingb(% of total)c(% of total)c(%of M. gram.)d(% of total)e(% oftotal)1'
1998Cashup 145.0 23.8 11.3 67.9 3.1 61.9 Lewjain 147.5 2.8 60.6 4.4 7.0 29.6 MacVicar 139.0 27.7 4.6 85.7 6.9 60.7 Madsen 140.5 39.4 4.7 89.3 1.8 54.1 Stephens 138.0 45.1 3.4 92.9 3.4 48.1
W-301 138.5 30.2 4.5 87.1 5.0 60.3
Steph-spray8 3.8 19.2 16.7 1.9 75.0
Mean 24.7 15.5 63.4 4.2 55.7
1999Cashup 145.0 0.7 41.7 1.6 0.0 57.6 Foote 138.5 0.0 44.4 0.0 6.5 49.1 Gene 128.0 5.2 15.1 25.5 0.9 78.9 Lewjain 147.5 0.0 70.5 0.0 0.0 29.5 MacVicar 139.0 4.7 23.0 16.9 0.0 72.3 Madsen 140.5 0.4 31.6 1.4 0.0 68.0
Stephens 138.0 11.0 23.9 31.5 0.5 64.6
W-301 138.5 4.4 24.5 15.3 0.5 70.6
Steph-low8 5.7 31.6 15.4 0.0 62.7 Stephhig 12.4 37.3 25.0 0.6 49.7TABLE IV.1, Continued
W301-low5 1.8 52.4 3.3 0.0 45.9
W301-high5 10.9 31.4 25.9 0.0 57.7
Mean 4.8 35.6 13.5 0.7 58.8
2000Gene 128.0 5.2 10.9 32.1 56.3 27.6
Stephens 138.0 23.4 8.7 72.9 16.8 51.1
Mean 14.3 9.8 52.5 36.6 39.4
aFmiting bodies sampledfrom leaves collected on 2 July 1998, 29 June 1999,and 27 June 2000.
bjuljan daysin Corvallis, Oregon, averaged for 1994 and 1995,except Foote for which the mean of Julian days to heading in
1997 and 1998 was adjusted by theaverage differences between the other cultivars' readings in thetwo pairs of years
(23,24,25,26).
CM graminicolapycnidia or pseudothecia asa percentage of all fruiting bodies sampled.
dPseudotheciaas a percentage of M. graminicola pseudothecia and pycnidia.
eObvious P. nodorumlesions were excluded when selecting leafsegments for fruiting body sampling in order to enrich
samples for M graminicola fruiting bodies.
1'Fruiting bodies of fungi recognizableas other than M graminicola and P. nodorum ranged from 0.0%to 8.3%.
51n 1998, chiorothalomlwas applied to each plot at a rate of 0.84 Liplot anda dosage of 3.7 ml chlorothalomllL waterseven
times during the growing season. In 1999, the dosageswere 1.8 mi/L (high) and 0.88 mi/L (low) and five applicationswere made during the growing season.Fungicide applications
Reduction of disease levels on susceptible cultivarswas accomplished by
applying the non-systemic, protectant fungicide chlorothalonil(Bravo 720, 720 g
chlorothalonillL, 54% a.i.). In 1998, the concentrationwas 3.7 ml Bravo per L water,
about 80% of manufacturer's recommended strength, with thesurfactant Triton B added
at the rate of 0.176 mlIL. Applications were made to plots of thecultivar Stephens at a
rate of 0.84 LIplot (468 Iiha) seven times at intervals of 2.5-5 wk,depending on the
growth rate of the wheat, from 10 Decemberto 22 May.
In the second year of the experiment, lower fungicidedosages of 1.8 mi/L and
0.88 mi/L were utilized in order to effectmore moderate disease reductions. The
fungicide was applied only five times at approximately 3-wkintervals between late
January and late April, and plots ofa second susceptible cultivar, W-301, were also
sprayed.
Disease measurements
Visual assessments of percent diseased leafarea were conducted by two assessors
for each plot on a whole-canopy basis eight times at 10-to 27-day intervals between 6
February and 15 June 1998, 17 February and 17 June 1999, and 18February and 6 June
2000.Leafsampling
In 1998 and 1999, leaf sampling took place on 2 July and 29 June, respectively.
One F-4 leaf was randomly selected from each of five rows of each replicate plot of each
treatment, excluding the outermost rows to avoid edge effects, and the leaves were
bagged by replicate. In 1999, F-4 leaves were also collected in thesame manner on 26
May from all replicates of Gene and Stephens in order to examine fruiting bodies present
prior to the end of the growing season.
In 2000, F-4 leaves were collected separately by replicate from plots of Gene and
Stephens four times at 7-day intervals starting 6 June and ending 27 June.
Fruiting body sampling and identification
Fruiting bodies were sampled from each field replicate as follows: approximately
7-8 cm of leaf tissue with a high density of fruiting bodies was frozen approximately 30
sec in liquid nitrogen, and then ground for 10-15 sec into a semi-fine powder with a
mortar and pestle. Working with a fine-pointed needle under a dissecting microscope,
3 0-70 fruiting bodies were selected at random from the powder, with the number selected
depending on availability. The exception in sample size was from the Stephens sprayed
treatment in 1998, from which only 52 fruiting bodies could be recovered from leaves
collected in all four field replicates combined, due to the small number of lesions on
those leaves.70
A total of 5,454 fruiting bodies were examined for the three years: 1,154 from
1998, 2,841 from 1999, and 1,459 from 2000. Leaving aside the Stephens high-spray
treatment in 1998, a mean of 195 fruiting bodies were sampled from each host on each
sampling date in each year across all four field replicates, with sample sizes ranging from
137 to 290 fruiting bodies. The 26 May 1999 samples from the cultivars Gene and
Stephens contained no M graminicola pseudothecia, and those data are not included in
the presentation of results.
Fruiting bodies were sorted and examined by size because previous observations
had suggested that larger fruiting bodies tended to be M. graminicola pycnidia. Each
fruiting body was assigned by eye to one of three size categories (small, medium, and
large), such that there were roughly equal numbers of fruiting bodies in each category.
Members of a single size category were placed individually on a microscope slide ina
small drop of lactophenol blue stain. The fruiting bodies were squashed gently undera
cover slip, and allowed to absorb stain overnight.
Fruiting bodies were identified under a compound light microscope at 400X
magnification. Each fruiting body was classified as one of the following: M
graminicola ascocarp (pseudothecium), M. graminicola pycnidium, P. nodorumascocarp
(pseudothecium), P. nodorum pycnidium, or unidentified. Fruiting bodies were only
determined to be ascocarps or pycnidia of M graminicola or P. nodorum if clearly
recognizable asci, ascospores, or pycnidiospores were present. Asci, ascospores, macro-
and micropycnidiospores of the two genera were distinguished according to the
descriptions of Eyal et al. (18).71
Statistical methods
Logistic regression by the SAS GENMOD procedure (1) was used toassess the
effects of the explanatoiy variables of field replicate, AUDPC, and sizeon the
dichotomous response variable sexuallasexual for identified M. graminicola fruiting
bodies. Because goodness-of-fit criteria indicated variation other than binomial variation
in the data, a scaling option (d-scale) was used that multiplies the binomial variance bya
constant and performs F-tests rather thanx2tests. Thus, standard errors increased by a
factor of two, making it harder to achieve significance. In fitting the model, the inclusion
of the termAUDPC2significantly improved the goodness of fit in 1998 and 1999 but not
in 2000.
Correlation analysis was performed in SAS to assess the strength of the linear
relationships between AUDPC and 1) pseudothecia as a percentage ofM.graminicola
fruiting bodies, and 2) M graminicola pseudothecia as a percentage of all fruiting bodies
sampled. The correlation was also assessed between the percentage of unidentified
fruiting bodies and percentages in the total sample ofM.graminicola pycnidia and
pseudothecia, respectively.
When comparing the years 1998 and 1999 for the effects of cultivar susceptibility
on pseudothecial percentages, mid-June disease severity was used rather than AUDPC as
the measure of susceptibility. This was because the shapes of the disease progress curves
from the two years differed, rendering the comparison of area under them misleading,
whereas for within-year comparisons AUDPC was preferable due to lower error.72
RESULTS
In all three years, AUDPC was predictive of the frequency of M graminicola
ascocarps (Table IV.2, Fig. 1V.1), with P < 0.0005 by logistic regression. Correlation
analysis indicated a positive relationship between AUDPC andM.graminicola ascocarps
as a percentage ofMgraminicola fruiting bodies (r= 0.90 and P = 0.0054 in 1998,r =
0.79 and P = 0.0022 in 1999). If the 1999 sprayed treatmentswere omitted from the
analysis, the association became stronger in thatyear (r0.93, P = 0.0009). There was
also a positive relationship between AUDPC andM.graminicola ascocarps as a
percentage of all sampled fruiting bodies (r= 0.84 and P = 0.0173 in 1998,r = 0.60 and P
= 0.0396 in 1999). From logistic regression, a one-unit increase in AUDPC was
associated with increases in the odds of an identifiedM.graminicola fruiting body being
an ascocarp of 1.8%, 2.1%, and 1.4% for the three years, respectively.
Mean epidemic intensity and mean pseudothecial percentages variedamong the
years. In 1998, the epidemic developed consistently and strongly throughout the season.
In 1999, there were relatively low levels of disease due toa dry late spring. In 2000,
disease increased slowly in the early season, but rapidly in May and June. Bothmean
late-season disease seventies and mean pseudothecial percentageswere greater in 1998
than in 1999 (Fig. IV.2). Meansofpseudothecia as a percentageof Mgraminicola
fruiting bodies were 63.4% in 1998, 13.5% in 1999, and 52.5% in 2000 (Table IV.1).
In 1998, the application of fungicide reduced both disease severity and percent
pseudothecia on Stephens to near the levels on Lewjain, the most resistant cultivar73
TABLE IV.2. Significance of explanatory variables from logistic regression analysis,
with response variable being the pseudothecial proportion of all identified M.
graminicola fruiting bodies sampled in 1998, 1999, and 2000
1998
Parameter df F-value P-value
Rep 3 3.06 0.0269
Sizea 2 4.15 0.0157
AUDPCb 1 36.12 <0.0001
AUDPC2 1 19.36 <0.0001
Size*AUDPC 2 7.60 0.0224
1999
Parameter df F-value P-value
Rep 3 3.93 0.0081
Sizea 2 2.23 0.1077
AUDPCb 1 16.17 <0.0001
AUDPC2 1 12.04 0.0005
Size*AUDPC 2 0.23 0.7915
2000
Parameter dfF-value P-value
Rep 3 2.52 0.0560
Datec 3 10.66 <0.0001
Sizea 2 3.19 0.0410
AUDPCb 1 12.65 0.0004
AUDPC2 1 0.72 0.3948
Size*AUDPC 1 0.19 0.8282
aBefore staining and identification, fruiting bodieswere classified by eye as small,
medium, or large.
bMea under the diseaseprogress curve was a continuous variable, calculated from visual
assessments of percent diseased leaf area conducted by two assessors for each plot on a
whole-canopy basis eight times at 10- to 27-day intervals between 6 February and 15
June 1998, 17 February and 17 June 1999, and 18 February and 6 June 2000.
Cj2000, F-4 leaves were collected at 7-day intervals starting 6 June and ending 27 June.100 100
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Fig. IV.1. Plot of pseudothecia as a percentage of all Mycosphaerella graminicola fruiting bodieson area under the disease
progress curve (AIJDPC) assessed in four replicated field plots of each host. Hosts: C = Cashup, F = Foote, G= Gene, L =
Lewjain, Mc = MacVicar, Md = Madsen, SStephens, W = W-301. Low = low-spray, high= high-spray. To reduce
epidemic development, 0.84 L chiorothalonil was applied to each plot ata dosage of 3.7 mi/L water seven times during the
1998 growing season. During the 1999 growing season, five applicationswere made with dosages of 1.8 mi/L (high) and 0.88
mi/L (low).
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Fig. IV.2. Plot of pseudothecia as a percentage of all Mycosphaerella graminicola
fruiting bodies vs. disease severity assessed on 15 June 1998 and 17 June 1999 in four
replicated field plots of seven and 12 treatments, respectively; 1998= 0, 1999 .
(Fig. IV. 1). In 1999, when the high-spray dosage was half that applied in 1998, high and
low dosages resulted in similar levels of disease reduction: 19.0%, 19.2%, 15.2%, and
17.3% in the Stephens low, Stephens high, W-301 low, and W-301 highspray plots,
respectively. Both fungicide dosages reduced pseudotheciaas a percentage of M
graminicola fruiting bodies on Stephens, but only the low dosage didso on W-301 (Table
N.1).
In 2000, pseudothecia constituted a lower percentage of M graminicola fruiting
bodies on each sampling date and averaged over all sampling dateson Gene than on
Stephens (Fig. P/.3; means of 20.2% and 59.3%, respectively). In thatyear, AIJDPCs
were 788 and 2185 percentage-days for Gene and Stephens, respectively.76
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Fig. IV.3. Pseudothecia as a percentage of Mycosphaerella graminicolafruiting bodies
sampled from leaves collected in field piots at one-week intervalsbetween 6 June and 27
June 2000 from the winter wheat cultivars Gene and Stephens. Area underthe disease
progress curve (percentage-days) in the field plots was 788 and 2185 for Gene and
Stephens, respectively.
While P. nodorum fruiting bodieswere absent or at veiy low percentages on all
cultivars in 1998 and 1999, they comprised 56.3% and 15.9% of the fruitingbodies
sampled from Gene and Stephens, respectively, atan equivalent point in the 2000
growing season (Table IV. 1). In 2000, P. nodorum fruiting bodies increasedfrom 7.4%
to 56.3% of all fruiting bodies sampled on Gene between 6 June and 27 June, and
increased from 10.5% to 33.7% of all fruiting bodies sampled from Stephensbetween 6
June and 20 June before dropping again to 16.9% of all fruiting bodieson 27 June.
Probably due to competition with P. nodorum, only 24.1% of sampled fruiting bodies
were identified as M. graminicola in 2000. In that year, 19.6% of fruiting bodies from
the two cultivars were M. graminicola pseudothecia., and 9.8%were pycnidia.77
The mean frequency with which M graminicola pycnidia contained some or
exclusively micropycnidiospores was 27.7% in 1998 and 56.6% in 1999 (Table P1.3). In
2000, when only two hosts were sampled, the mean frequency of micropycnidiospores
was 30.4%.
AmongM.graminicola fruiting bodies, smaller size was associated with a lower
frequency of pseudothecia (Table P1.2). In 1998, the relationship of size to proportion of
pseudothecia varied with AUDPC: higher pseudothecial proportions were foundamong
large fruiting bodies for higher AUDPCs and among medium-sized fruiting bodies for
lower AUDPCs. In 1999, higher pseudothecial proportionswere found among larger
fruiting bodies; size was significant at P = 0.11. Across all sampling dates in 2000, size
was significant at P = 0.04 10 and higher pseudothecial proportions were found among
larger fruiting bodies. In general, fruiting bodies seemed to be smalleron moderately
resistant than on susceptible cultivars.
Correlation analysis indicated that in both 1998 and 1999, there was some degree
of negative association between the percentages ofMgraminicola pycnidia and
unidentified fruiting bodies (r = -0.70 and P = 0.08 18 in 1998, r = -0.96 and P < 0.0001
in 1999). No association was found in either year between the percentages ofM.
graminicola ascocarps and unidentified fruiting bodies (P0 .8397 in 1998 and P =
0.4330 in 1999). In 2000, there was no significant association between the percentages
ofMgraminicola pycnidia or pseudothecia and that of unidentified fruiting bodies (P =
0.6421 and P = 0.4059, respectively). AUDPC was uncorrelated with percent of78
TABLE IV.3. Mycosphaerella graminicola pycnidial types in samples from fieldplots
of winter wheat leaves at the ends of three growingseasons
Percenta
Total number
TreatmentMicroMacroBothof pycnidia
1998
Cashup 27.8 72.2 0.0 18
Lewjain 74.8 22.1 3.1 131
MacVicar 0.0100.0 0.0 8
Madsen 25.0 62.5 12.5 8
Stephens 28.6 71.4 0.0 7
W-301 12.5 87.5 0.0 8
Steph-spray 10.090.0 0.0 10
MEAN 25.5 72.3 2.2 27.1
1999
Cashup 73.6 18.5 8.0 121
Foote 56.3 40.8 3.0 75
Gene 51.1 46.1 2.8 35
Lewjain 84.2 13.2 2.6 146
MacVicar 41.7 46.4 12.0 61
Madsen 44.3 52.1 3.7 73
Stephens 59.6 32.5 7.9 50
W-301 70.7 26.2 3.2 50
Steph-high 46.2 51.4 2.4 63
Steph-low 46.8 50.2 3.1 66
W-high 2.8 93.7 3.6 43
W-Iow 46.3 50.8 3.0 89
MEAN 52.043.5 4.6 72.7
2000
Gene 10.5 89.5 0.0 19
Stephens 43.8 50.0 6.3 16
MEAN 27.2 69.8 3.2 17.5
apercenges of M graminicola pycnidia containingonly micropycnidiospores, only
macropycnidiospores, and both.summarized evidence that contact with mycelial extracts triggers sexualmorphogenesis
and/or the switch from vegetative growth to reproduction in facultatively sexualfungi,
even across species lines.
It is also possible that certain genes conferring partial resistance in planthosts
exercise a pleieotropic effect on the frequency of sexual reproduction intheir pathogens,
e.g., by delaying the induction of sexual sporulation (9). However, the hypothesis that
lower rates of sexual reproduction are a function of lesser disease severity,and not of
resistance itself, is supported by the fact that, withone exception, fungicide applications
reduced pseudothecial percentages on susceptible cultivars relativeto unsprayed plots of
the same cultivars. In the case of the W-301 high-spray treatment in 1999,the reason for
the higher pseudothecial percentage is unclear.
Given the moderate negative correlation between days to heading and
susceptibility to M graminicola, the possibility must be considered thatmore frequent
sexual reproduction is actually in some manneran outgrowth of more rapid progress to
maturity. However, the lower percentages of pseudothecia in sprayed plots ofStephens
in 1998 and on Foote in 1999, relative to other treatments with thesame heading dates,
argue against maturity as a significant confounding factor, as do the lower pseudothecial
percentages on Gene than on Stephens in 2000.
Higher percentages of microconidia were found in 1999 than in the othertwo
years. In some fungal genera, spermatia (microconidia) are borne both in the same
conidioma as macroconidia and in separate spermatium-bearing structures resembling the
conidioma (12). However, it is unknown whether M. graminicola microconidiaserve as81
spermatia, and whether they are as infective as macroconidia. The higher percentages of
microconidja found in 1999 would be consistent with a sexual role for these spores, since
the epidemic that year was milder than those of 1998 and 2000, and fewer ascocarps had
formed by the sampling date. It is also possible that microconidia are formed byM.
graminicola in response to stress.
The negative correlation between the percentages ofM.graminicola pycnidia and
unidentified fruiting bodies found in 1998 and 1999, coupled with the lack of a similar
correlation in the case of pseudothecia, suggests that the majority of the unidentified
fruiting bodies were spent pycnidia. The absence of a linear relationship between either
type of M graminicola fruiting body and the unidentified fruiting bodies in 2000,
together with the fact that the P. nodorum epidemic was severe that year, is consistent
with the hypothesis that a large fraction of the unidentified fruiting bodies in 2000were
spent pycnidia of P. nodorum.
The higher frequency of unidentified fruiting bodies on more susceptible cultivars
in 1999 may reflect the higher rate of pseudothecial formation on those cultivars, and
could imply that immature pseudothecia account for a significant fraction of the
unidentified fruiting bodies in 1999, when sexual reproduction appears to have been
delayed by the mildness of the epidemic. The other possible explanations (that there is a
higher rate of pycnidial or pseudothecial exhaustion on susceptible cultivars, or a lower
rate of pycnidial formation) do not seem logical. There was also no evidence of a higher
frequency of other pycnidial pathogens in 1999.Why was Gene susceptible to M graminicola in 1999, yet moderately resistantin
2000? In 1995, after isolates had appeared with specific virulence to Gene (14),the
cultivar occupied 16% of the Willamette Valley winter wheatarea, and consequently
produced a significant share of total inoculum. Subsequently, thearea planted to Gene
diminished by roughly 50% each year until it constituted 1.5% of the totalwheat area in
1998 and 0.5% in 1999. Strains virulent to Gene presumablywere at increasingly lower
frequencies during this period, and thus random events could at least partiallyaccount for
the difference between the two years. In addition, competition from P. nodoruin,to
which Gene is susceptible, may have suppressed overall M graminicola levelson Gene
in 2000. The unusually dry early spring of 2000 depressed Septoria triticiblotch levels
until mid-May and probably favored P. nodorum, which apparently releases its
ascospores later than M. graminicola (16) and is normally outcompeted in the Willamette
Valley.
While our data do not disprove the suggestion of Kema et al. (27) that M
graminicola is capable of multiple sexual cycles ina season, they do suggest one or a
very small number of sexual cycles per season in our environment. Relative to most
other wheat-growing regions, the Willamette Valley of Oregon is highly conduciveto
severe M. graminicola epidemics and thus to the sexual stage of the fungus. In the 26
May 1999 samples from the susceptible cultivars Gene and Stephens,no pseudothecia
were found, while one month later, 5.2% of fruiting bodies from Gene and 11.0% from
Stephens were M. graminicola pseudothecia. In the moresevere epidemic of 2000,
pseudothecial percentages for the first sampling date, 6 June,were 0.0% for Gene and83
12.1% for Stephens, and increased on both cultivars on the second and third sampling
dates. It seems likely that the number of sexual cycles completed ina season is
dependent on cultivar susceptibility, and that large numbers of pseudotheciaare only
produced toward the end of a growing season, in agreement with other findings
(13,17,42,43).
It should be noted that fruiting body counts do not give direct information about
the relative contributions of sexual and asexual reproduction to the genetic structure of
the M. graminicola population. Empirical data about the respective multiplication
efficiencies of pseudothecia and pycnidia (sensu Eriksen Ct al., 17) under different
environmental conditions are lacking. Molecular marker techniques are currently being
used to address the question of how differing levels of host susceptibility affect the
percentage of sexual descendants at the end of a growing season.
The effect of different levels of host resistance on the frequency of sexual
reproduction in facultatively sexual parasites will be modulated by particular factors in
each pathosystem. For example, the parasitic nematode Strongyloides ratti is
parthenogenetic (19), whereas M. graminicola and P. infestans are both bipolar
heterothallic fungi. For these plant pathogens, the frequency of sexual reproduction is
probably strongly conditioned by the density of infections. In the case of P. infestans,a
further limiting factor is the rapid tissue necrosis in susceptible cultivars, allowing
insufficient time for oospores to form.
Hanson and Shattock (21) conclude that potato cultivars with very high levels of
late blight resistance are likely to minimize formation of P. infestans oospores. Similarly,84
moderately resistant wheat cultivars limit sexual reproduction in M.graminicola, thus
reducing the rate at which the pathogen can evolve toovercome host defenses or
chemical controls.
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The effects of host genotype mixtures on disease progression and pathogen
evolution are not well understood in pathosystems that vary quantitatively for resistance
and pathogenicity. We used four mixtures of moderately resistant and susceptiblewinter
wheat cultivars naturally inoculated with Mycosphaerella graminicola to investigate
impacts on disease progression in the field, and effectson pathogenicity as assayed by
testing isolate populations sampled from the fieldon greenhouse-grown seedlings. Over
three years, there was a correspondence between the mixtures' diseaseresponse and the
pathogenicity of isolates sampled from them. In 1998, witha severe epidemic, mixtures
were 9.4% less diseased than were their component pure stands (P = 0.0045), and
pathogen populations from mixtures caused 27% less disease (P= 0.085) in greenhouse
assays than did populations from component pure stands. In 1999, the epidemic was
mild, mixtures did not reduce disease severity (P0.39), and pathogen populations from
mixtures and pure stands did not differ in pathogenicity (P= 0.42). In 2000, epidemic
intensity was intermediate, mixture plots were 15.2%more diseased than the mean of
component pure stands (P = 0.053), and populations from two of four mixtures were
152% and 156% more pathogenic than the mean of populations from componentpure
stands (P = 0.043 and P = 0.059, respectively). Mixture yields were on average 2.4% and
6.2% higher than mean component pure-stand yields in 1999 and 2000, respectively, but
the differences were not statistically significant. The ability of mixtures challenged with
M. graminicola to suppress disease appears to be inconsistent. In this system, host91
genotype mixtures evidently do not consistently confer either fitness benefits or liabilities
on pathogen populations.
Additional keywords: epidemiology, host genetic diversity, partial resistance,
quantitative pathosystems, Triticum aestivum
INTRODUCTION
While there is extensive literature about the use of multiline cultivars and cultivar
mixtures to manage disease (e.g., 6,13,36), the vast majority concerns pathosystems in
which pathogenicity (sensu Vanderplank, 35) and resistance vary qualitatively. In
particular, the study of pathogen evolution within mixtures has been almost exclusively
confined to such pathosystems. Little is known about the selective effects of cultivar
mixtures on pathogen evolution in disease systems where resistance is partial.
Mathematical modeling by Jeger et al. (14) indicated that cultivar mixtures may
either decrease, increase, or have no effect on the severity of disease caused by non-
specialized pathogens. In the case of Mycosphaerella graminicola, causal agent of the
foliar disease Septoria tritici blotch in wheat (Triticum aestivum), one might expect
mixtures to be relatively ineffective at disease suppression for two reasons. First, there is
considerable evidence that mixtures are less effective against splash-dispersed pathogens
than against pathogens whose secondary propagules are wind-borne (13). This is likely
due largely to the steeper dispersal gradient of splash-dispersed propagules, more of
which fall upon the hosts of origin (28), thus obviating the dilution advantage (16) of92
mixing host genotypes. Second, mixturesare predicted to be less effective in suppressing
disease when initial inoculum is abundant and well-distributed (28). Indeed, Abbottet al.
(1) found little benefit from mixing barley cultivars tomanage Rynchosporium secalis, a
splash-dispersed pathogen with numerous initial infection foci at their experimentalsite.
Data so far indicate some promise for controlling Septoria diseases with mixtures,
but most experiments have involved more than one pathogen. MundtCt al. (26) reported
that, in plots inoculated with Pseudocercosporella herpotrichoides, winter wheat
mixtures reduced Septona tritici blotch severity by 27%, 9%, and 15% comparedto mean
seventies of pure components over threeyears. However, the greatest reductions in
disease severity were brought about by mixtures including the highly resistant cultivar
Gene, which has since been shown to select for isolates specifically adaptedto it (9).
Mille and Jouan (25) found that winter wheat mixtures sustainedan average of 8% less
disease caused by M. graminicola, Phaeosphaeria nodorum, and Puccinia recondita and
yielded an average of 7% better than the mean of componentpure stands. Jeger Ct al.
(15) found that spring and winter wheat mixtures lightly infected with P. nodorum
(anamorph Stagonospora nodorum) were significantly less diseased and yielded
significantly better than the geometric mean of componentpure stands. In an experiment
involving several foliar pathogens, Manthey and Febrmann (22) found that levels of P.
nodorum conidia on flag leaves of winter wheat cultivars in mixtures did not differ
statistically from similar counts for component pure stands.
Much of the theoretical and empirical investigation of pathogen evolution in
mixtures has concerned the potential for selecting complexraces (those possessing93
multiple virulence genes), the relative fitness of complex and simple races, and the extent
to which complex races, if favored, could erode the benefits of multiline cultivars and
cultivar mixtures (4,12,19,21,23,27,29,36). Although this discussion has focused on
qualitatively varying pathosystems, it may be relevant to quantitative systems as well.
Several researchers (8,10,12,20) have suggested that differential adaptation to host
genetic background could result in a higher reproductive rate for simple races as
compared to complex races. Differential adaptation could also operate in pathosystems
not characterized by gene-for-gene interactions or specificity, and thus reduce epidemic
progression in cultivar mixtures.
The M. graminicola-wheat system is useful for addressing these issues because
resistance in most cultivars is partial; also, the pathogen population is highly genetically
diverse (24) and thus there is strong potential for within-season adaptation. Further,
Septoria tritici blotch is a growing worldwide economic threat to wheat production (11),
and there has been insufficient investigation of the potential to manage this disease with
cultivar mixtures.
We conducted an experiment in which naturally inoculated populations of M.
graininicolawere subjected to host selection in plots of pure stands and mixtures of
winter wheat. The pathogenicity of isolates derived from pure stands was compared to
that of isolates from mixtures by testing the isolates as bulked populations on seedlings in
the greenhouse. We assessed disease severity and yield for field plots of mixtures and
pure stands in order to help evaluate the utility of cultivar mixtures for managing Septoria
diseases.94
MATERIALS AND METHODS
Field experiments
Plot establishment and field disease assessment
Field plots of winter wheat were established during the 1997-98, 1998-99, and
1999-2000 growing seasons at the Oregon State University Botany and Plant Pathology
Field Laboratory in Corvallis, Oregon, USA. Four treatments consisted of the cultivars
Cashup and Madsen, moderately resistant (MR) to Septoria tritici blotch, and Stephens
and W-301, susceptible (S). In addition, the four possible 1:1 mixtures of MR and S
cultivars were planted. Stephens and Madsen were commonlygrown in western Oregon,
where the experiment took place, while Cashup and W-301were not. Mean Julian days
to heading, based on data from 1994 (17) and 1995 (18) for Corvallis, were: Cashup,
145; Madsen, 140.5; Stephens, 138; and W-301, 138.5.
Treatments were assigned randomly to plots in each of four replicate blocks. In
the first two years, each treatment occupied two adjacent 1.5x 6.1 m planting units of six
rows each (20 cm between rows), while in the third year treatments wereappliedonly to
single planting units in order to conserve space. Equal-sized plots of wheat and barley
were alternated in a checkerboard pattern so that the barley provided a buffer between the
wheat plots. Plots were planted on 20 October 1997, 7 October 1998, and 12 October
1999, using a plot drill and a rate of 2,740 seeds per planting unit. Plots receivedabalanced starter fertilizer pre-planting, and 110 kg N/ha at late tillering. Weed control
was via appropriate herbicides, with hand weeding as necessary.
Visual assessments of percent diseased leaf area were conducted by two assessors
for each plot on a whole-canopy basis eight times each year between early-to-mid-
February and early-to-mid-June. Areas under the disease progress curve (AIJDPC) were
calculated for all plots using the mid-point method (7).
Isolate sampling
Isolates of M graminicola were collected from the field plots on 12 June 1998, 24
June 1999, and 27 June 2000 near the end of each growing season, after there had been
ample opportunity for host treatments to exert selective influences on the pathogen
population. In 1998 and 1999, leaves were collected as follows: along a diagonal
transect across each plot, the flag leaf (1998) or the leaf penultimate to the flag leaf (F- 1)
(1999) was collected from each oftwoadjacent plants chosen at random in each of the 10
innermost rows of the plot, the exterior rows being excluded to avoid edge effects. In
2000, when only four rows remained after excluding the outermost rows, F-i leaves were
sampled from each oftworandomly chosen plants at 10 points along an S-shaped
transect, such that there weretwoor three sampling points in each row. F-i leaves were
collected in 1999 and 2000 because flag leaves on the more resistant cultivars had too
few lesions to assure that isolates could be obtained. Leaves were bagged separately by
row.In the laboratory, one monopycnidial isolate of M graminicola was obtained for
each sampling point in each replicate of each cultivar of origin each year, such that there
were 10 isolates from each field plot, or 40 isolates per treatment. Isolations were made
by placing leaf segments bearing lesions in Petri dishes lined with moistened filterpaper
overnight, and then transferring cirrhi individually with a sterile needle to plates of yeast-
malt agar amended with 50 mgIL streptomycin. The isolates were stored at 4° C and
transferred to fresh yeast-malt agar every 3-5 mo.
Greenhouse trials
Pathogen populations derived from each field plot were evaluated in the
greenhouse during the winter and spring following their collection in the field. Isolates
collected in 1999 were tested twice (in 2000 and 2001) to assess repeatability of the
methodology. In each year of greenhouse testing there were four replicates, conducted in
pairs, with each replicate testing a pathogen population from a different block in the field
experiment. Tester cultivars to which the populations were applied were the same as
those planted in pure stands in the field.
The experimental unit was a pot of seedlings. In 1999, plants were raised in 10-
cm plastic pots filled with a 1:1:1:2 mixture of peat:sand:loam:#8 pumice amended with
Osmocote 18-6-12 extended time-release fertilizer (Scott-Sierra Horticultural Products
Co., Marysville, OH) at a rate of about I g per pot at seeding. Approximately 13 seeds of
a cultivar were sown in each pot, and seedlings were thinned to ten plants per pot at about
18 days after planting. The plants were grown under sodium halide lighting to extend the97
daylength to 16 hr, and watered as needed. To control powdery mildew, plants were
treated when necessary with 50 ml of a soil drench of ethirimol (0.11 g a.i.IL), which has
no influence on the development of M graminicola. The greenhouse temperature was
maintained at 20-25° C.
During the second greenhouse season, because of problems in the previous year
with emergence, growth, and non-disease-related necrosis, plants were raised in Black
Gold all-organic potting soil (Black Gold, Inc., Hubbard, OR) amended with about 2.5 g
Osmocote per pot. Pots were also fertilized weekly with 50 ml of Peters water-soluble
20-20-20 fertilizer (United Industries Corp., St. Louis, MO) at the rate of 3.8 g per L of
water. Watering, temperature, and lighting were as in 1999. Practices in the third
greenhouse season were the same as in the second.
Inoculum preparation and inoculation
Isolates of M graminicola were increased individually for four days on fresh
yeast-malt agar. Spores of each isolate were then mixed together by field plot in an
equiproportional suspension and adjusted toi05spores/mi for 1998 and 106 spores/ml for
1999 and 2000, the increased concentration having been selected as optimal in the course
of testing soil mix, fertilizers, and inoculum concentration.
When plants were 21 days old (2-3 fully expanded leaves), each spore population
was applied to a group of four pots, one pot of each tester cultivar, by means of a spray
bottle and turntable. For the 1998 isolates and the first trial of the 1999 isolates, 25 ml
were used, while 50 ml were used for the second trial of the 1999 isolates and the 2000isolates. After inoculation, the plants were kept in a greenhouse mist chamber for 96
hours. Noninoculated control plants were sprayed with water and surfactant only, but
otherwise treated in the same manner as inoculated plants, in order to control for
contamination among pots.
Greenhouse disease assessment
In order to assess disease levels of all plants in a given experiment in the same
day, two workers conducted the assessments, each assessing half of the plants in each
pot. The percentage of the second leaf from the base of the plant covered by Septoria
tritici blotch lesions and lesion-associated necrotic area was estimated visually for each
plant in each pot at 21 days after inoculation.
Data analysis
Within a given year, AUDPC, yield, and greenhouse disease severity data were
analyzed using the SAS procedure PROC MIXED. Means were separated and
differences estimated using linear contrasts. The 2000 AUDPC and greenhouse data
were lo&-transformed to improve homogeneity of variances. Results of the two
greenhouse trials of 1999 isolates were similar, with nonsignificant by-trial interactions,
and so they were combined for statistical analysis.
A correlation analysis was performed across years to test the association between
1) the effect of mixtures on disease severity in the field, and 2) the effect of mixtures onpathogenicity of isolate populations. The first variable was measuredas the percent
difference between mixture AUDPCs and the mean of componentpure stand AUDPCs.
The second variable was measured in the greenhouse as the percent difference between a)
the mean disease severity caused by a mixture population tested separatelyon the two
cultivars of origin (e.g., the mean of Cashup/Stephens tested on Cashup and
Cashup/Stephens tested on Stephens), and b) the mean disease severity caused by the two
component pure-stand populations tested separately on their respective cultivars of origin
(in this case, the mean of Cashup tested on Cashup and Stephens testedon Stephens).
RESULTS
The three study years varied in conduciveness to Septoria tritici blotch according
to measures developed by other researchers (Table V.1). In 1998, both temperature and
rainfall favored a severe epidemic. In 1999 and 2000, temperature was somewhat less
conducive than in 1998. In 1999, a wet early spring was followed by a dry late spring,
keeping ultimate disease seventies relatively low, while in 2000 those conditionswere
reversed and, after a dry early season, disease developed strongly later.
As might be expected, disease progress varied considerably among the three study
years (Figs. V.1-3). It should be noted that the flat portions of the disease progress
curves in early season do not reflect an absence of disease increase; rather, pathogen
reproduction approximately kept pace with vegetative growth during those periods.
Overall, Septoria tritici blotch severity was greatest in 1998, followed closely by 2000
and then 1999.100
TABLE V.!. Conduciveness of three study years to epidemics of Septona tritici blotch
(caused by Mycosphaerella graminicola) in winter wheat
Cumulative
generations RaindaysC
(Dec.June)a Number of 5-mm rain-days'
1 April-11 May-
YearMR S Dec. Jan.Feb.Mar. AprilMay June14 June14 June
19986.708.17 61414 9 3142 34 18
19996.327.59 1214 18 100 42 32 11
20006.397.66 1114 11 62 6 1 35 15
ausing temperature-based model of Shaw (32), with latent periodas the time to the
maximum rate of change in sporulating lesion numbers.
b5mm has been used as a threshold in identifying when pycmdiospores move between
leaf layers (33), and May rainfall has been found to be predictive of Septoria tritici blotch
severity (31,33,34).
eBasedon Shaner and Finney (31); counts are of days with any amount of rain.
Performance of mixtures in suppressing disease varied among mixtures and
among years (Figs. V.1-3). In 1998, AUDPCs of mixtures were on average 9.4% lower
than the mean of their component pure stands (P=0.0045), while in 1999, AUDPCs of
mixtures did not differ significantly from AUDPCs of component pure stands (P=0.39).
In 2000, moderately resistant cultivars in pure stands sustained very low rates of disease
despite the later intensification of disease on susceptible cultivars (Fig. V.3), and
mixtures were on average 15.2% more diseased than the mean of their component pure
stands (P=0.053).1
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Yields were not recorded for 1998 due to poor stand density in many plots.
Yields of mixture plots exceeded the means of their component pure stands by an average
of 2.4% and 6.2% in 1999 and 2000, respectively, but no individual contrast or main-
effect contrast of mixtures and pure stands was statistically significant at P 0.13 (data
not shown).
The mean disease severity caused by an isolate population sampled froma
mixture and tested on its two component cultivars was compared to themean disease
severity caused by the relevant two pure-stand isolate populations on their respective
cultivars of origin; e.g., the mean of Cashup/Stephens isolate populations testedon
Cashup and on Stephens vs. the mean of Cashup populations tested on Cashup and
Stephens populations tested on Stephens (Table V.2). In 1998, populations sampled from
mixtures in each case caused less disease than the mean of their counterpart pure-stand
populations, and mixture populations were on average less pathogenic than component
pure-stand populations (P=0.085). In 1999, mixture populations caused approximately
the same amount of disease as the mean of their respective pure-stand populations. In
2000, populations from Cashup/Stephens and Madsen/Stephens caused greater disease
severity than their pure-stand counterparts (P=0.043 and P0.059). The mean severity
caused by mixture populations was not significantly different from that caused by
component pure-stand populations in either 1999 and 2000 (P=0.42 and P=0.29,
respectively). The higher levels of disease caused by the 1999 and 2000 populations
relative to the 1998 populations were likely due to the changes in greenhouse cultural
practices (see Materials and Methods).105
TABLE V.2. Disease severity caused by Mycosphaerella graminicola isolates from
mixtures vs. pure stands of wheat when inoculated on respective mixture component
cultivars in the greenhouse
Disease severity
MixturePure-stand
Trial"Mixture"'isolates' mean Pr> (t)z
1998c/s 10.8 13.3 0.4303
C/W 6.7 9.0 0.4795
MIS 9.5 15.9 0.0513
M/W 9.3 11.5 0.5002
Mean 9.1 12.4 0.0850
1999C/S 29.8 29.3 0.9624
CIW 44.5 39.8 0.6363
MIS 39.1 23.0 0.1049
MJW 31.6 33.6 0.8387
Mean36.2 31.4 0.4186
2000cis 24.7 9.8 0.0430
CIW 27.6 19.2 0.8588
MIS 30.2 11.8 0.0592
M/W 13.9 21.2 0.1146
Mean24.1 14.8 0.2940
vYe& of isolate collection; disease valuesreported for 1999 are means of two tests of
those isolates.
wlsolateswere obtained from pure stands and 1:1 mixtures of moderately resistant and
susceptible cultivars. Moderately resistant: C = Cashup, M = Madsen. Susceptible: S=
Stephens, W = W-301.
xMean percent diseased leafarea on the two tester cultivars that comprised a mixture
(e.g., the mean for the Cashup/Stephens mixture population when tested separately on
Cashup and on Stephens). Values are means of four replicates.106
TABLE V.2., Continued
Mean disease severity caused by isolate populations frompure stands of cultivars
comprising the mixture, when tested on seedlings of their cultivar of origin (e.g.,the
mean severity when Cashup populations were tested on Cashup and Stephens populations
were tested on Stephens). Values are means of four replicates.
zSignificance basedon linear contrasts of the difference in disease seventies caused by
mixture and pure-stand isolates.
Mixture effects on disease in the fieldwere weakly correlated with their effects on
pathogenicity of populations derived from them (Fig. V.4; Pearson correlationcoefficient
= 0.46, P = 0.13). A larger reduction in disease severity in mixture field plots was
associated with a larger reduction in pathogenicity of populations derived fromthose
plots.
In a further analysis, the performance of isolates froma given mixture on their
cultivars of origin was compared to their performanceon the other two testers (data not
shown). Taken across mixtures, therewas no evidence in any of the three years (linear
contrasts; P = 0.75, P = 0.86, P = 0.62, respectively) of a tendency for mixture isolates to
cause either more or less disease on their cultivars of origin. Similarly, there was no
evidence that pure-stand isolates were more pathogenic to their cultivars of origin thanto
the other tester cultivars in any of the threeyears (data not shown; linear contrasts, P =
0.76, P = 0.99, and P = 0.30, respectively).107
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Fig. V.4. Relationship between effects of winter wheat mixtures on Septoria tritici blotch
disease severity in the field and their effects on pathogemcity of Mycosphaerella
graminicola populations derived from them. Along the X axis are plotted the percent
differences between areas under the disease progress curve (AUDPC5) in mixture plots
and mean AUDPCs of component pure stands. Along the Y axis are plotted the percent
differences between mean disease severities caused by mixture populations on the two
cultivars of origin and mean disease severity caused by populations from component pure
stands when tested on their respective cultivars of origin in the greenhouse. Data are
means of four replicates.
Isolates from the mixture of Madsen and Stephens, the two cultivars that together
accounted for >75% of the wheat area in the Willamette Valley during the period 1995-
2000, displayed inconsistency among the study years. In 1998, the Madsen/Stephens
population was least pathogenic relative to its pure-stand counterparts, while in 1999 and
2000 the pathogenicity of the Madsen/Stephens populations exceeded the mean of their
pure-stand counterparts to the greatest extent (Table V.2).108
DISCUSSION
Mixture effects on epidemics
Cultivar mixtures influenced Septoria tritici blotch severity differently in each of
our three study years. In 1998, disease progress curves of three out of four mixtures
closely resembled those of the moderately resistant component throughout theseason,
while in 2000, three out of four mixture progress curves closely resembled those of the
susceptible component. In 1999, disease progress curves for mixtureswere intermediate
between the MR and S components. According to Wolfe (36), "With non-specialized
pathogens that infect mixtures, we can say generally that, if disease spread in the
susceptible component is hindered more than spread in the resistant component is
increased, then the overall infection tends to that of the resistant component grown
alone." Our results suggest that, in this pathosystem, environmental conditions may be
an important determinant of whether infection levels in a given mixture tend more toward
those of the resistant or the susceptible component.
A possible confounding factor is that our plot stands were generally sparser in
1998 than in the other two years; perhaps the denser stands in 2000 mixture plots
overcame the disease-suppressing mechanism of decreased spatial density of susceptible
plants (36). However, Jeger et al. (15) found no relationship between stand density and
severity of P.nodorumin mixed and pure-stand plots. In any case, one would expect that
increased stand density would merely neutralize the disease-suppressing benefit ofmixtures, instead of increasing disease in mixture plots relative to component pure stands,
as was actually observed.
Jeger et al. (14) hypothesized that, against nonspecific pathogens, cultivar
mixtures may either decrease, increase, or have no effect on epidemic progression,
depending on relative levels of sporulation and infection frequency of the mixture
components. This does not seem a likely explanation for our results, however, since the
variation in epidemiological effects that we observed was much greater among years than
within years among mixtures. Large interactions of resistance components with
environment would be required to alter the effects of host diversity on disease
progression qualitatively from year to year.
Mixture effects on pathogenicity
Our goal in measuring pathogenicity in the greenhouse was to investigate whether
disruptive selection reduced fitness of the pathogen population in mixtures, as was shown
by Chin and Wolfe (8) for barley powdeiy mildew. Selection is disruptive at the
population level if it operates on a given trait in different directions at different sites (5)
or, in this case, in interactions with different host phenotypes. In a mixture, such
disruptive selection requires adaptation to the genetic background of individual host
cultivars. Though quantitative adaptation of M. graminicola to host genetic background
has been demonstrated (2,3), we detected no such adaptation in our study. This was true
even in 1998, when there was some evidence for reduced fitness of pathogen populations
sampled from mixtures.110
We used pathogen populations rather than single isolates in our greenhouseassays
of pathogenicity so as to better reflect field conditions. The population of M.graminicola
in the Willamette Valley of Oregon is very large and highly diverse, with different
pathogen genotypes commonly occurring even within thesame lesion (24). Further,
lesion density on our greenhouse-inoculated plantswas similar to that which we
commonly observe in the field. It has been demonstrated that mixtures ofMgraminicola
isolates can cause more or less disease than the mean of individual isolates in greenhouse
inoculations (37), a potential complication forour results. For such interactions to
explain the differences in pathogenicity that we observedamong years in this study,
however, would require substantially different pathogen populationsamong years, which
seems unlikely. Founder effects are highly unlikely for this pathogen in the Willamette
Valley of Oregon, where founding populations of at least 70 genetically distinct
individuals have been estimated per square meter in the field (38). Further, therewere no
substantial changes in the number of cultivarsor the proportion occupied by each cultivar
of total Willamette Valley wheat area during the period of 1998 to 2000.
Populations sampled from the Madsen/Stephens mixture inboth 1999 and 2000
were significantly (P = 0.076 and P = 0.059) more pathogenic to Madsen and Stephens
than were the pure-stand populations (TableV.2).TheMgraminicola population of
Oregon's Willamette Valley is likely to be adapted to Madsen and Stephens, the
dominant cultivars in commercial cultivation. From 1995 to 2000, the share of total soft
white winter wheat area in the valley that was planted to each of those two cultivars
ranged from 20% to over 60%. Why theMgraminicola populations sampled in 1998111
from the Madsen/Stephens mixture were less pathogenic than those from thepure stands
is unclear.
Relationship of mixture effects on epidemics to those on pathogenicity
Effects of mixtures in suppressing epidemics were associated with selective
effects on pathogenicity. In 1998, AUDPCs of mixtures were lower than thepure stand
means and populations sampied from mixtures were less pathogenic than those sampied
from pure stands. In 1999, mixtures did not reduce disease severity and pathogenicity did
not differ significantly for populations sampled from mixtures and pure stands. In 2000,
there was on average significantly (P = 0.0528) more disease in mixtures relative topure
stands in the field and two of the four populations sampled from mixtureswere more
pathogenic as compared to those sampled from pure stands.
The question arises whether the differences in pathogemcity among years were
cause or effect; i.e., did mixtures exercise different selective influences among the years,
or did differences among the pathogen populations among years cause mixtures to vary in
epidemiological impact? While we have no definitive answer, it seems improbable that
the pathogen population differed greatly from year to year, as noted above.
A possible explanation for the different effects of mixtures on disease and
pathogenicity that were observed in different years is based on the interaction of leaf
emergence and rain-mediated spore dispersal. Our MR cultivars were later-maturing than
the S cultivars by between 2 and 7 days. Infection severity in a particular leaf layer is
highly dependent on the precise timing of leaf emergence in relation to high-impact rain112
(30). Appropriately timed rain-splash could infect recently emerged leaves ofan S
cultivar before the same leaves had fully emerged on an MR cultivar. After the latent
period, MR leaves would be infected by same-layer S leaves in mixture plots butnot in
pure-stand MR plots. Under this scenario, more pathogen generations wouldoccur on
MR cultivars in mixtures than in pure stands, allowing more opportunity for selection of
increased pathogenicity. Thus, the different effects of mixtures in 1998 and 2000,years
with similar average levels of ultimate disease severity, would be attributable to different
timings of splashy rainfall with respect to emergence of successive leaf layers.
Consistent with such an explanation is the fact that disease severityon the MR cultivars
in our study was considerably lower as a percentage of severityon the two S cultivars in
2000 than in the other two years.
In summary, host diversity effects on M. graminicola appear variable and
environmentally influenced. Overall, this set of mixtures did not reduce disease severity
or pathogemcity in the environments tested.
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CHAPTER VI: Summary
TheLefictsofpartbl host resistmce on pathogen populations are not well
understood. From studies of the interactions of Mycosphaerella graminicola populations
andthekwintetwheathosts, usefuLinsights have beengained that may have relevance
for other disease systems.
CULTIVARISOLATE SPECIFICITY
At its release in 1992, the cultivar Gene was resistant to M graminicola, but by
1991 that resistance had beenniostly overcome.. Among monopycnidial isolates
collected in 1997 from Gene, Madsen (moderately resistant) and Stephens (susceptible),
and tested on seedlings of the same cultivars in the greenhouse, six ofseven isolates from
Gene were virulent to Gene, while only one of 15 isolates collected from Madsen and
Stephens caused greater than lO% disease severity on Gene. Itappears that Gene's
resistance was due to one or a very few genes, and rapidly selected for pathogen strains
with specific virulence to it. Specificity of pathogen strains tQ particular host cultivars
can exist in a pathosystem in which resistance and pathogenicity are mainly
quantitatively expressed.
SELECTIVE EFFECTS ON AGGRESSIVENESS
liteach of two years, cultivars witkdifferent levels of partial resistanceto M
graminkola were planted in replicated field plots. Isolates were collected from the plots118
early and late in each growing season, increased in the laboratory, and inoculatedas
bulked populations by host cultivar, field replicate and collection date on greenhouse-
grown seedlings of the same cultivars. The selective impact of a cultivar on
aggressiveness was measured as the difference in aggressiveness between early and late
isolates from that cultivar. In both years, moderately resistant cultivars selected formore
aggressive isolates of M. graminicola than did susceptible cultivars. This result is
consistent with the few other available reports on selective impact of host resistance level
on aggressiveness in quantitatively varying pathosystems. It is reasonable to suppose
that, if partial resistance and aggressiveness are race-nonspecific, fungal individuals
selected by a resistant host would likely possess traits conferring an advantage on all host
genotypes.
PATHOGEN SEXUAL REPRODUCTION
The proportion of M graminicola fruiting bodies that were ascocarps
(pseudothecia) was studied for eight cultivars with varying levels of resistance over a
three-year period. The pseudothecial proportion of M graminicola fruiting bodies was
higher during years of intense epidemics and on susceptible cultivars. It is likely that the
greater density of infections present under those two circumstances contributes to a
higher frequency of sex. Possible mechanisms include more frequent encounters between
opposite mating types, and substances released by fungi that can stimulate sexual
morphogenesis andlor the switch from vegetative growth to reproduction.119
HOST GENOTYPE MIXTURE EFFECTS ON EPIDEMICS AND
PATHOGENICITY
Four 1:1 mixtures of a moderately resistant and a susceptible cultivarwere studied
during three years. Mixture effects on epidemics varied among the threeyears. There
was a correspondence between mixtures' disease response and the pathogenicity of
isolates sampled from them:
In 1998, disease progress curves of three of the four mixtures closely resembled
those of the moderately resistant component throughout theseason. For each
individual mixture and on average for all mixtures, populations sampled from
mixtures caused less disease in greenhouse tests than the mean of their
counterpart pure-stand populations.
.In 1999, disease progress curves for mixtures were intennediate between MR and
S components, and mixture populations caused approximately the same amount of
disease as the mean of their respective pure-stand populations.
In 2000, three out of four mixture progress curves closely resembled those of the
susceptible component. Populations from two mixtures caused greater disease
severity than their pure-stand counterparts.
A possible explanation for the differences among years in effects of mixture
effects on disease and pathogenicity was described based on the interaction of leaf120
emergence and rain-splash-mediated spore dispersal. Effects of host genotype mixtures
on this pathogen appear to be variable and environmentally influenced.
DISEASE-MANAGEMENT IMPLICATIONS
Major-gene (qualitative) resistance toMgraminicola is likely present in winter
wheat and appears to be no more durable than in other pathosystems.
Partial resistance toMgraminicola is a valuable control strategy because it
reduces the need for fungicide applications. However, the evolutionary
consequences of deploying moderate resistance should be taken into account:
oas a disadvantage, selection for increased pathogen aggressiveness;
oas an advantage, reduction of the frequency of sexual reproduction.
Mixtures of moderately resistant and susceptible host genotypesmay provide
modest yield benefits, but mixture effects on epidemic progression andon
pathogenicity are inconsistent and appear to depend stronglyon environment.121
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